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Abstract
A process improvement framework such as Capability Maturity Model (CMM) can help
develop the maturity of a software development organization over time to achieve predictable and
repeatable process performance. However, in the absence of a methodology for process
performance measurement, ongoing data-oriented process improvement is hard to
institutionalize. For organizations following CMMI, this makes navigating their way through higher-
level process management and optimization activities called forth in CMMI Level 4 and Level 5
especially challenging. Altogether, this constitutes a major stumbling block for software
organizations striving for higher process maturity as Level 4 and Level 5 Process Areas are
essential to institutionalizing process improvement in an organization.
Six-Sigma introduces tremendous process measurability through its statistical error-
control focus and offers compelling tools and techniques that have strong applicability to software
development. Six-Sigma focus on data and metrics married with the CMMI coverage of all
aspects of software development through its Process Areas can together provide a powerful
process control and improvement framework.
A CMMI and Six-Sigma hybrid framework has been presented as a means of achieving
software development performance and productivity improvements through statistical error
control. Such a hybrid CMMI and Six Sigma framework provides not just greater guidance and
rigor in certain areas than CMMI alone but also an inherent flexibility by making an extensive
toolset available for use in a wide variety of scenarios. This integrated framework demonstrates
that CMMI and Six Sigma are highly complementary and are capable of adding greater value
when used in conjunction with each other. This is partly because together they address the
weaknesses that may become apparent when either framework is used alone. Six Sigma
answers the
'how' for areas where CMMI only provides the 'what'. Conversely, CMMI provides the
overall vision and roadmap that is lacking from individual Six Sigma improvements. It is hoped
that this will serve as a blueprint for an implementation of CMMI that makes use of relevant Six
Sigma tools and techniques.
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Introduction
For over a decade, software delivery has been seen as the result of a structured and
well-defined set of tools, methods and practices that together constitute a software development
process. While this may seem obvious, a process-oriented approach to software development
has not always been a given in software development organizations. In some ways, this is merely
a natural extension of the many quality advances made in the manufacturing world through
process management and improvement. The same principles have been increasingly applied in
the services domain, including software development. The fundamental principle of statistical
process control maintains that any process is stable and under statistical control if its future
performance can be predicted within established statistical limits [1]. Once a process is baselined
and under statistical control, sustained improvements to the process can result in progressive
improvements in process outputs - whether products or services. In the software context,
effective software development process should be predictable with respect to cost estimates,
schedule commitments and quality expectations [2].
While achieving statistical process control for software development may be a desirable
goal, getting there can be notoriously difficult. After all, many software organizations have tried
using the
'latest' development methods and technologies but not gained any significant
improvements. One reason for this may be that software development process does not operate
in a vacuum in any organization. There are interfaces into other business functions and
operations that affect outputs of the software process. In addition, software is closer to service
processes, where the participants and outputs of the process are not physical entities whose
specifications can be strictly controlled. There is inevitably greater variability due to all these
factors that play into the software development process. Nevertheless, there are established best
practices that can help achieve a balance by bringing greater predictability while still retaining
some of "software as an
art" dictum. The path to statistical process control for software involves
not just institutionalization of well-defined software development practices but also removal of
impediments to continuous process improvement [3].
Software Engineering Institute's Capability Maturity Model (CMM) has been a widely
accepted set of guidelines that, when properly implemented, can help achieve high-performance
software organizations. Even as the CMMI (CMM Integration) framework replaces all older CMM-
based models, from a historical discussion perspective, it is pertinent to use CMM-SW as a
reference point. Maturity Models like CMM-SW provided an evolutionary path for software
organizations to increase the capability of their software development process. Each of the five
Maturity Levels or stages of CMM-SW consisted of several practices or Key Process Areas (KPA)
that contributed toward the software process capability achieved at that level. As the software
organization progressed from one level to the next, its software development process became
more capable and mature (Figure 1). The integrated set of management and development
practices established at a particular Maturity Level became the foundation for more sophisticated
practices and processes at the next organizational Maturity Level as defined by the CMM. As
CMM-based process improvement was institutionalized within an organization, its software
development practices transformed into a disciplined state with greater predictability.
Continuously
Improving Practices
Quantitative
Understanding
and Control
Common Engineering
Processes
Repeatable
Practices
Figure 1: Five Maturity Levels of the Capability MaturityModel (reproduced from [4])
The widespread adoption of CMM in a large number of software development
organizations allowed for a significant body of data illustrating the benefits realized from CMM-
based process improvement. Organizations with process improvement programs guided by CMM
have reported gains in productivity, quality, time to delivery, as well as accuracy of cost and
schedule estimates [3]. As the organization progresses from one CMM Maturity Level to the next,
the range of benefits from process improvement increases significantly. Also, since each Maturity
Level in effect focuses on addressing different problem areas, different benefits are realized at
each level. Software organizations using CMM have reported a 10-94% reduction in software
errors [5] and a 4-11% increase in productivity as they progress to the next higher CMM Maturity
Level [6]. The dramatic reduction in software errors through defect prevention also has a positive
effect on reducing rework as the largest contributor to software cost. A 9 to 70% reduction in
software cost is not uncommon in CMM organizations [4,6]. Numerous case studies of
organizations using CMM for process improvement illustrate the greatly enhanced ability of these
organizations to meet their schedule, effort and functionality commitments simultaneously [8].
This illustrates the improved maturity and greater effectiveness of their software process.
Proven improvements make CMM a compelling proposition for software organizations
striving to develop their process maturity as a means to achieve greater productivity and
performance. However, CMM-based software process improvement brings its own set of
challenges. A full-scale CMM-based process improvement program entails significant
commitment of time and resources, as it often takes up to two years for software organizations to
move from one Maturity Level to the next (Figure 2). Given the significant time and investment
needed for a CMM program, it is imperative that the process improvements and benefits be
made visible and lasting. CMM-based software process improvement must be driven by
organizational objectives and priorities for it to have lasting effect and the greatest acceptance. It
can be difficult to gain traction for the process improvement program if the benefits are seen to
only accrue gradually over time. A focus on targeted process improvements in areas with the
greatest business impact initially is called for in order to build momentum for the improvement
effort [7].
It is also important to note that the current CMMI framework only specifies what Process
Areas must be adequately covered in a mature software organization and thereby leaves open
10
the choice of employing any specific methodologies to the software organization. The best
practices and guidelines specified by CMMI in each Process Area must be incorporated into an
organization's existing software process and institutionalized according to its individual needs and
constraints. Also, CMM does not provide any guidance on how to go about improving the
organization's software processes to incorporate the guidelines set forth within each Process
Area. While this allows for greater flexibility in each organization choosing the path that best fits
its needs, it also poses a challenge in carrying out process improvements with quick and
quantifiable business benefits.
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Figure 2: Time required to progress through CMMMaturity Levels (reproduced from [3])
High maturity software organizations at CMMI Level 4 and Level 5 have the ability to
target specific problems, identify root causes and make improvements with predictable results,
thus driving continuous process improvement. CMMI Maturity Level 4 and Level 5 call for higher
level process management and optimization activities that enable statistical process control for
software. The Process Areas at CMM Maturity Level 4 and Level 5 are essential for
institutionalizing data-oriented and measurable process improvement in an organization but not
central to the basic software development process per se. The basic software process foundation
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is in place for repeatable process performance in software organizations that attain CMMI
Maturity Level 3. It is at these higher Maturity Levels that the lack of a clear methodology, i.e.,
how to manage and control the software process statistically, seems to become a big hurdle.
This led to a situation whereby a large number of software organizations in the past were able to
achieve CMM-SW Level 3 capability but did not go any further in the absence of a methodology
for statistical process management [3]. Since the current CMMI framework inherits its basic
structure from CMM-SW, its adoption and usage is likely to follow a similar pattern.
Six-Sigma is a statistical error-control methodology that offers compelling tools and
techniques that can be utilized to achieve statistical process control and improvement. There are
numerous companies such as General Electric, Motorola, and Honeywell that have made Six-
Sigma a part of their business operations [9]. Six-Sigma has been widely utilized by many
organizations in a range of industries and numerous case studies cite the immense benefits
accrued to these organizations as a result of Six-Sigma. Perhaps most notable among the
companies adopting Six-Sigma have been Motorola and General Electric [9]. In the decade from
1987 to 1997, Six-Sigma is credited with bringing about five-fold growth in sales and 20%
revenue growth per year at Motorola, where the basic Six-Sigma concepts were first put to action
[10]. The cumulative savings attributed to Six-Sigma efforts within the same period by Motorola
come to almost $14 billion [10]. General Electric is also widely reported to have gained billions in
savings and record operating margins since the launch of its Sigma effort in 1995 [7, 8].
Six-Sigma provides a strong process measurement methodology whereby deviations
from the process are tracked statistically as defects, with the objective of achieving the critical
threshold of 3.4 defects per million measurement opportunities. Six-Sigma entails that a given
process perform within 3 standard deviations (standard deviation is denoted by the Greek letter
sigma) on either side of the target mean for a given performance characteristic. In other terms,
this effectively means that the process is under statistical control and performs as expected
99.9997% of the time [10]. Through reduced defects, Six-Sigma strives to achieve a predictable
and repeatable process with only a small degree of variation, which in turn has been shown to
result in significant savings and quality benefits.
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One of the basic precepts behind the Six-Sigma philosophy is that quality is not just
about conformance to standards or specifications for the final product or service but also how,
i.e., at what cost, the products or services are delivered [11]. Six-Sigma places a focus inevitably
on the process that produces goods or services rather than the final outputs of the process itself.
Finding and eliminating defects is inherently more expensive and often too late to address
efficiently. Many organizations manage to deliver high quality products and services but after
sinking significant cost or rework behind the scenes. This brings to mind the significant
contribution of cost of quality to an organization's operating costs. In a rough comparison, when
an organization's processes operate at three sigma, the cost of quality is approximately 25 to
40% of its sales revenue (Table 1). In contrast, the cost of quality for an organization operating at
six sigma comes down to less than 1% of its sales revenue. By some estimates, up to 70% of a
product's total cost is determined by its design [11]. This translates to 80% of quality problems
being designed into the product inadvertently during the development process [11]. As a
corollary, the higher the quality that is designed into a product, the lower its cost.
Cost of Quality
Sigma Level Defects Per Million Opportunities Cost of Quality
2 308,537 (Noncompetitive companies) - n/a-
3 66807 25 - 40% of sales
4 6,210 (Industry average) 1 5 - 25% of sales
5 233 5-15% of sales
6 3.4 (Best-in-Class) < 1 % of sales
Table 1: Cost of Quality relates to sigma level of an organization (reproduced from [1 1])
By reducing process variation, defects can be prevented before their insertion into the
process, thereby bringing down the cost of quality. Six-Sigma organizations have superior
processes that allow very few opportunities for defects and hence deliver consistently high quality
products and services. In this way, Six-Sigma brings a proactive approach of designing and
building quality into products and services vs. a reactive approach of fixing quality issues.
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Six-Sigma performance can only be achieved when processes are highly effective and
capable of delivering the highest quality products and services (defect-free), on time (reduced
cycle time) and at the right price (low cost of production). A typical Sigma project involves clearly
defining a targeted problem domain that has significant business impact and then utilizing the
DMAIC (Define, Measure, Analyze, Improve, Control) approach for process improvement. Since
the starting point and the goal is bottom-line benefits, with process improvement being merely a
by-product of the solution, Six-Sigma is often seen favorably as providing early and tangible
results. The Sigma approach can therefore be used quite appropriately for driving targeted
process improvements with bottom-line impact.
In conjunction with implementation of the improved process, mechanisms and measures
are also put in place to ensure the improvements won't unravel over time [12]. These process
management functions are essential to institutionalizing process improvements in the
organization. Statistical process control techniques and tools are often used to 'manage' the
process performance to be within set boundaries. When the defects, or process variations,
exceed the acceptable tolerance levels, the process is brought under
'control' by undertaking
necessary improvement, thus closing the continuous improvement feedback loop. In scenarios
where the old process cannot be improved to meet the expected performance targets, Six-Sigma
provides the DFSS (Design For Six-Sigma) approach as a means to design highly capable
processes [1 3].
It is notable that contrary to some misconceptions, Six-Sigma has been widely used for
service processes as well, in addition to its broad presence in the manufacturing world [9]. Six-
Sigma provides a powerful set of tools and techniques that can guide an organization on how to
build, improve and manage its existing and new process assets. In effect, Six-Sigma can be
called a methodology for targeted process improvements with distinct bottom-line impact. CMM,
on the other hand, acts as the guide for what improvements must be brought in to develop the
process capability for a software organization. It is immediately clear that there could be strong
applicability of Six-Sigma to the software development process, whereby Six-Sigma driven defect
control and process improvement can help achieve higher process maturity.
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Process maturity achieved by following CMM is key to ensuring predictability of software
development, as high maturity software development organizations can be relied upon to provide
quality software on time and within budget [14]. This is also reinforced by the fact that
organizations such as Hewlett-Packard, Raytheon, TRW and NASA have reported between 30
and 50 percent of their development effort being spent on rework to fix software defects when
their software development processes were at low Maturity Levels [3]. Ongoing defect tracking
and control enabled by Six-Sigma can allow for continuous monitoring and improvement of the
software development process. Six-Sigma provides a proven, quantitative process management
and quality improvement methodology. It is interesting to note that software organizations at high
CMM Maturity Levels such as Motorola, Lockheed Martin and Wipro are also the ones that utilize
Six-Sigma for software process improvement [15,16,17]. This strongly suggests that CMM and
Six-Sigma may be quite complementary to each other.
This study will explore the exact relationship between CMMI and Six-Sigma by drawing
extensively upon the experience of industry organizations that have already utilized both in some
fashion toward meeting their process improvement objectives. An emphasis is placed on
integration of CMMI and Six-Sigma from a conceptual viewpoint, i.e., how the two frameworks
could work in conjunction with each other. Lastly, at the detailed level, an operational model will
be developed for incorporating relevant Six-Sigma tools and techniques into the software product
development process as a means to achieving a high capability process. It is expected that this
detailed operational model will assist in achieving statistical process control for a software
organization. In this fashion, Six-Sigma will be shown to be the means to achieving the ultimate
CMMI goal of statistical process control for the organization's standard processes.
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CMMI Overview
SEI's CMM Integration (CMMI) effort was launched to integrate the various overlapping
flavors of CMM that were being used across different industries and disciplines. Capability
Maturity Models targeted toward disciplines such as Systems Engineering, Software Engineering,
Integrated Product and Process Development were instrumental in driving improvements in these
specific areas. However, driving cross-discipline process improvements across the organization
was a challenge due to the differing approaches of these maturity models. The CMMI product
suite builds upon and extends SW-CMM (Software CMM), EAI/IS (Electronic Industries Alliance
Interim Standard) and IPD-CMM (Integrated Product Development CMM) as source models,
while bringing in new best practices to address current trends in product development and
maintenance [18].
CMMI Models
The overall CMMI Framework incorporates four distinct models that are targeted toward
the following disciplines:
a Systems Engineering
? Software Engineering
a Integrated Product and Process Development
a Supplier Sourcing
It should be noted that the CMMI Framework as a whole retains its unity across the various
models even as the models contain guidance focused on the discipline(s) they cover [18]. Since
the focus of this study is the software engineering discipline, 'CMMI for Software Engineering
v1.1' (CMMI-SW, V1.1) will be used as the CMMI model for reference purposes. The references
to SW-CMM or just 'CMM' made until this point are all valid from a historical perspective as CMMI
is an enhancement over SW-CMM.
CMMI models come in two representations - Staged, and Continuous. Staged
representation is the traditional sequential process improvement path whereby an organization
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progresses through distinct Process Areas defined at each Maturity Level. In the Continuous
representation of CMMI, the same Process Areas are organized under four distinct categories as
shown in Table 2 below. An organization following the Staged representation attains a given
Maturity Level when it becomes capable in all the Process Areas at that Maturity Level and the
preceding Maturity Levels by realizing the specific and generic goals under those Process Areas.
The Staged representation is focused on an incremental and broad-based approach for
developing organizational capability.
CMMI
Staged Representation Continuous Representation
Maturity Level 2: Managed
Requirements Management
Project Planning
Project Monitoring and Control
Supplier Agreement Management
Measurement and Analysis
Process and Product Quality Assurance
Configuration Management
Project Management
Project Planning
Project Monitoring and Control
Supplier Agreement Management
Risk Management
Integrated Project Management
Quantitative Project Management
Maturity Level 3: Defined
Requirements Development
Technical Solution
Product Integration
Verification
Validation
Organizational Process Focus
Organizational Process Definition
Organizational Training
Integrated Project Management
Risk Management
Decision Analysis and Resolution
Support
Measurement and Analysis
Process and Product Quality Assurance
Configuration Management
Causal Analysis and Resolution
Decision Analysis and Resolution
Maturity Level 4: Quantitatively Managed
Organizational Process Performance
Quantitative Project Management
Engineering
Requirements Development
Requirements Management
Technical Solution
Product Integration
Verification
Validation
Maturity Level 5: Optimizing
Organizational Innovation and Deployment
Causal Analysis and Resolution
Process Management
Organizational Process Focus
Organizational Process Definition
Organizational Training
Organizational Process Performance
Organizational Innovation and Deployment
Table 2: The two representations of the CMMI
Continuous representation measures progress in terms of the Capability Level attained by a given
Process Area. There are six Capability Levels, starting with zero for Incomplete, meaning the
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practices in the Process Area are not performed within the organization. The rest of the Capability
Levels from 1 through 5 mirror the Maturity Level definitions. In effect, the key difference between
Capability Level and Maturity Level is one of scope. Capability Level signifies the capability of a
Process Area, whereas, Maturity Level signifies the capability of an organization. As an
organization attains a given Capability Level across all applicable Process Areas, it is said to
have attained organizational capability equivalent to that Maturity Level. For instance, an
organizational that achieves Capability Level 3 for all Process Areas under Maturity Level 2 and
Maturity Level 3 would be considered to have achieved CMMI Maturity Level 3. In this way, the
two representations of CMMI are different in terms of how process improvement is executed but
equivalent in terms of their end result. The Staged representation provides benchmarking
capability across organizations and also makes it easier for organizations already using SW-CMM
to upgrade to CMMI. In the Continuous representation, greater flexibility is afforded through being
able to drive process improvements by Process Area, based on organizational needs. The
Continuous representation allows for process improvements to occur at different rates and order
of priorities across all Process Areas [19].
In order to leverage the wealth of information available with respect to SW-CMM, this
study will make reference to the Staged representation of the CMMI-SW model wherever
applicable. However, it should be noted that the key points made with reference to the Staged
representation are also valid for Continuous representation due to their equivalence.
CMMI- SW: High-Level Overview
The Staged representation of CMMI-SW model consists of Process Areas, specific goals,
specific practices, generic goals and generic practices as key components [18]. The relationships
among these components are illustrated in Figure 3. Process Areas are organized into five
Maturity Levels that describe the recommended order of approaching process improvement in
stages. Within the Process Areas, there are specific goals and specific practices that define the
necessary process improvements. Process Areas also have generic goals and generic practices
18
that are targeted toward institutionalization of process improvements [19]. These components are
described in greater detail in the sections that follow.
Maturity Level
Process Area
Generic Goals
Common Features
Specific Goals
Commltmenl to
Peform
Ability to
Peform
Directing
implementation
Verification
Generic Practices Specific Practices
Figure 3: Structure ofkey CMMI model components
Maturity Levels
A Maturity Level is an evolutionary stage in the process improvement path to becoming a
mature organization. Each Maturity Level consists of a pre-defined set of Process Areas. The
specific and generic goals defined within these Process Areas must be achieved for an
organization to attain a certain Maturity Level. A Maturity Level provides the necessary and stable
foundation for the processes and practices to be implemented in the next higher Maturity Level
(Figure 4). In this way, Maturity Levels are cumulative, i.e., an organization at Maturity Level 4
has already met all requirements of Process Areas in Maturity Level 2 and Level 3. There are
five Maturity Levels specified within CMMI, numbered from 1 through 5:
? Maturity Level 1 : Performed - Organizations at Maturity Level 1 are not capable of a
stable software development environment due to ad-hoc and inconsistent practices.
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These organizations often rely primarily on the fire-fighting ability of their
"heroes"
as
opposed to proven and effective processes.
a Maturity Level 2: Managed - At this Maturity Level, the organization has ensured that
guidance and practices are established that ensure that projects are executed and
managed according to clearly documented plans. Project commitments in terms of
fulfilling requirements, standards and objectives are established and reviewed with
relevant stakeholders at defined points in the project lifecycle.
? Maturity Level 3: Defined - Practices that vary across projects at Maturity Level 2 are
standardized and institutionalized through enterprise-wide processes at Maturity Level 3.
Projects utilize the well-defined standards, procedures, tools and methods outlined within
the set of standard organizational processes, with flexibility of tailoring the process to
meet individual project needs.
? Maturity Level 4: Quantitatively Managed - Maturity Level 4 organizations establish
quantitative measures for process performance to manage processes quantitatively
through statistical analysis based on actual performance data. The set of defined
organizational processes are effectively under statistical process control at this level.
Since process performance can be predicted quantitatively through statistical techniques,
Level 4 organizations operate on the basis of fact-based decision-making. Process
improvements at this level focus on reducing special cause variation in the performance
of standard processes.
a Maturity Level 5: Optimizing - The focus of Maturity Level 5 is to continuously improve
process performance through incremental and innovative improvements to better meet
the changing business objectives and priorities. Actual process performance is measured
and evaluated against improvement objectives and predictive performance targets
established prior to deployment. Process improvements at Maturity Level 5 are focused
on reducing common cause variation for achieving optimal performance of standard
processes.
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Focus on process
improvement
Process measured
and controlled
Process characterized for the
organization and is proactive
Process characterized for
projects and is often reactive
Process unpredictable.
poorly controlled
and reactive
Figure 4: The Five Maturity Levels of CMMI and their focus (derived from [19])
Process Areas
A Process Area is a set of related practices that help achieve a set of goals when
performed collectively. The Process Areas are organized within the Maturity Levels defined as
part of the CMMI framework. High-level definitions of Process Areas are provided in Appendix A
to provide a sense of the breadth and intent of process improvement objectives within CMMI-SW
model [18].
Specific Goals
Each Process Area has some specific goals within it that define the requirements that
must be addressed by an organization's standard processes in order to meet the Process Area.
Each Process Area has multiple specific goals that must be satisfied.
21
Specific Practices
Specific practices are descriptions of activities that are expected to be performed in order
to meet the relevant specific goal. Each specific goal may have multiple specific practices that will
help achieve that specific goal within a Process Area.
Generic Goals
Most Process Areas have a goal toward ensuring institutionalization of the defined
organizational process. Since this goal applies toward more than one Process Area, it is termed
"generic". Achievement of the generic goal of process institutionalization is essential for ensuring
that organizational process improvements are effective, repeatable and lasting.
Generic Practices
Generic practices are descriptions of activities that must be performed in order to meet the
relevant generic goal. The generic practices under the process institutionalization goal are
organized under four common features [19]:
? Commitment to Perform - these practices ensure policies are created to institutionalize
process improvements and management sponsorship is secured.
a Ability to Perform - ensures resources necessary for process improvement are
available.
? Directing Implementation - these practices focus on collection, measurement and
analysis of data to drive effective process improvements.
? Verifying Implementation - ensures that the organization and individual projects
conform to defined process standards and requirements.
CMMI Adoption and Benefits
Since the introduction of the version 1 .1 of CMMI Product Suite in early 2002, it has been
steadily gaining ground in being adopted across a wide spectrum of organizations and industries.
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Over an 18-month time span, a total of 520 projects in 123 organizations reported their use of
CMMI to SEI [20]. Given that CMMI builds upon earlier maturity models, organizations already
using one of the legacy maturity models such as CMM-SW or CMM-SE have been able to
transition to CMMI relatively easily. Most of the organizations were using CMMI-SW/SE or CMMI-
SW models, with a significantly greater proportion of them using the Staged representation as
opposed to the Continuous [20]. This is partly reflective of the relative ease of transitioning from
the legacy CMM-SW model, which was staged, to the appropriate CMMI model. Organizations
appraised for CMMI were well distributed across all Maturity Levels, indicating CMMI
conformance at various levels of organizational maturity.
Organizations using CMMI report broad-based benefits from adoption of the models. In
its transition from SW-CMM Level 3 to CMMI Level 5, a division of Lockheed Martin achieved a
20% reduction in unit software cost and 15% reduction in defect detection and resolution cost,
while achieving productivity enhancements of 30% [21]. Northrop Grumman reported 13:1 return
on investment from CMMI based process improvements focused on defect prevention at CMMI
Level 5 [22]. Organizations using CMMI also report an ability to consistently deliver their projects
on schedule or with reduced variance between estimated and actual schedule [21]. There is an
increasing body of evidence for similar benefits of CMMI usage as had been achieved through
the legacy CMM models. According to SEI assessment, when compared with SW-CMM maturity
profile, CMMI data seems to reflect a more mature profile for the framework [20]. In conclusion,
the widespread adoption and transition to CMMI, as well as the growing body of evidence
suggests that CMMI is a stable, effective and proven process improvement framework.
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Six Sigma Overview
Any given process is a set of related activities that transform process inputs to generate
outputs. Process performance is often evaluated in terms of measures of process outputs. As an
example, performance of a shipping process may be measured in terms of the ability to deliver
shipments within a certain range of the estimated delivery time. If one were to graphically plot
actual process performance against estimated delivery time, with respect to the upper and lower
specification limits (USL and LSL), it might look like Figure 5. In this example, it would be
impossible or unfeasible to always deliver a given shipment exactly on the estimated delivery
time. One would expect to have some degree of normal variation in the performance of this
shipping process. However, if there was too much variation, it would lead to a large number of
defects, whereby too many shipments were either delivered too early or too late. Additionally, the
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Figure 5: Achieving Six-Sigma process performance [reproduced from 15]
shipping process may not be centered, i.e., most shipments are not delivered on target but either
earlier or later than the targeted delivery time. This scenario would also lead to a large number of
defects as can be noted in Figure 5 above. From a Six-Sigma perspective, we would want the
process to be centered so that the target is met in most of the instances. In addition, we would
want to reduce the degree of variation so that the process performs as expected 99.9997% of the
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time. Since the Greek letter Sigma is used to denote the spread or variation in a normal
distribution dataset, this translates to 3 sigma on either side of the mean, hence the term Six-
Sigma.
For any process, there may be key variables in process inputs or as part of the process
itself that together affect its outputs. These key input and process variables are represented as
"X" in Figure 6 below. X can mean a variety of things in a given context, from process variables
such as staffing levels, cycle time or technology utilization to the quality of inputs from customers
or suppliers. With respect to process outputs - whether seen as products, services, customer
satisfaction or profits - key performance measures of process effectiveness are represented as
"Y". Y can also consist of various measures such as ability to meet customer specifications, profit
margins, business efficiency, or customer satisfaction. There is a distinct relationship between X
and the Y variables in any process. Changes in the key X variables will largely determine how the
output Y measures turn out. The mathematical relationship between X and Y variables is
captured in the formula Y = f(X) which is called a transfer function [23]. The transfer function is
essentially a mathematical way of saying that a given process output measure Y is dependent on
input and process variables X as defined by the function.
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where X . Input or Process Variable; V - Output Variable
Figure 6: The process variables and the transfer function.
Once the relationship between X and Y variables for a process is known, it enables
improvements that are targeted, more effective and predictable in their affect on process outputs.
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This is done by analyzing process performance data to determine root cause X variables
responsible for sub-par performance and then changing these variables to affect process output
Y variables. Process performance or the output Y variables can be measured and appropriate
adjustments made to the business operations to achieve desired results. Most significantly, it is
possible to predict process performance before making any process or input changes once the
transfer function for the process is known. This allows for proactive management of business
operations rather than reactive as is the case with traditional approaches to quality. Such
predictive process management is characteristic of statistical process control achieved through a
Six-Sigma approach.
Central to Six-Sigma is also a relentless focus on the customer whereby requirements or
characteristics that are considered "critical to quality
(CTQ)"
by the customer must be satisfied.
These CTQ customer requirements often correspond to the Y output variables in Figure 6 above.
Any instance where a CTQ is not met, whereby performance is outside of specification limits, is
considered a defect. The objective of Six Sigma then is to achieve a high process yield
(99.9997%) so the number of total defects is reduced to only 3.4 in every one million instances
(Table 3).
Sigma Conversion Table
Yield Defects Per Million Opportunities (DPMO) Sigma Level
30.9% 690, 000 1
69.2% 308, 000 2
93.3% 66, 800 3
99.4% 6,210 4
99.98% 320 5
99.9997% 3.4 6
Table 3: Sigma Level related to process yield and DPMO values
Traditional process or business metrics tend to be defined based on averages that can
actually hide problems by not providing a variation perspective. Just one or two
'outliers'
can
often skew the average values significantly. Looking at variation in the process allows for more in-
depth understanding of what is actually going on in the process. For instance, there may be
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process steps that are overtaxed in trying to compensate for the out-of-specification instances,
perhaps introducing new defects in turn. If one only looked at averages, such information would
not be available. The Sigma metric captures the degree of process variation and is therefore a
much more accurate barometer of true process performance. Sigma values also provide for a
simple comparison of performance across different processes.
Six Sigma In Action
Effective operationalization of Six Sigma in any organization relies on the following key
principles as its foundation [8, 22]:
? Customer Focus - customer perspective of product or service quality gained through
"Voice of the Customer" drives process or product design requirements.
? Business Case - business justification for implementing any product or process changes
based on measurable business impact.
a Decision Making based on Data - empirical data is used to drive business decisions.
The above elements may seem quite basic but when put into practice they can be a powerful
force for transformation of the organizational culture. These key precepts form the pillars of the
specific Sigma methodologies for process improvement or redesign and the process
management techniques. These methodologies and techniques are described separately in the
sections that follow.
Six Sigma Process Improvement: DMAIC Methodology
Traditional problem solving approaches tend to be primarily based on assumptions and
opinions rather than actual data and a real understanding of the root cause. Lack of a clear
understanding of customer requirements and problem data analysis leads to fixes that are often
not effective. Six Sigma brings in a disciplined customer-focused and data-driven methodology for
problem solving. This approach entails close examination of the process or product performance
to hone in on defects from the perspective of the customer. Once the root causes of the problem
27
are known, the best solution from amongst the possible alternatives is verified for its ability to
deliver the targeted improvements and then fully implemented subsequently. The Sigma
methodology used for improvement projects is called 'DMAIC after the key steps or phases
involved [24]:
? Define - A clear definition of the nature and scope of the problem with identification of
customer requirements that are critical for quality (CTQ).
a Measure - Assessment of current performance against customer specified requirements
(CTQ requirements) to determine baseline process capability.
a Analyze - Identification of root causes through data analysis.
a Improve - Development of solution aimed at identified root causes and limited
implementation to verify its efficacy.
? Control - Full implementation and institutionalization of solution to ensure sustenance
and continuous improvement in future.
The DMAIC methodology is primarily utilized for improvements in existing processes or products
to address specific defects and achieve better performance.
Six Sigma Process Design: DFSS/DMADV Methodology
There are instances when targeted improvements to an existing process cannot deliver the
desired levels of performance [25]. In these scenarios, Six Sigma provides a variant of the
DMAIC methodology called DFSS, which stands for 'Design For Six Sigma'. By applying the
rigorous Six Sigma approach, high-performance designs can be developed, even when achieving
Six Sigma performance may not be the explicit objective in many cases. DFSS, like most Sigma
techniques, has been applied quite successfully in both process and product design. The DFSS
methodology used for projects involved in new process design or redesign of existing process is
called
"DMADV"
after the key steps or phases involved:
a Define - Definition of high-level design objectives and clear identification of customer
requirements that are critical for quality (CTQ).
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q Measure - Identification of key measurable design requirements based on customer
CTQ requirements and factors that influence their performance.
a Analyze - Creation of design alternatives and selection of design that best meets
customer requirements.
a Design - Development of detailed design and the solution.
? Verify - Verification of satisfactory solution performance against customer CTQ
requirements through pilot implementation.
Six Sigma Process Management
It is not enough to just implement process improvements and hope that the
improvements will not unravel over time. Institutionalization of process improvements is essential
if the investment dollars are to be recouped over a period of time. Six Sigma brings in a process
management focus whereby critical business processes are monitored for their continued ability
to meet key customer quality requirements with respect to process outputs [10]. Process owners
are identified to ensure critical processes are delivering the desired levels of performance.
Customer requirements are clearly defined and kept in a current state as they change over time.
Rigorous and meaningful measures for critical process inputs, activities and outputs are put in
place and used to manage process performance. Statistical tools and techniques such as run
charts, control charts or performance scorecards are established to
'listen' to the processes in
real time. This also enables remedial action to be taken relatively quickly when problems or
opportunities arise. Proactive process management can help achieve higher levels of
performance through incremental process improvement.
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CMMI and Six-Sigma Relationship
As has been noted earlier, CMMI is a process improvement model that provides
guidance as to what requirements must be satisfied by an organization's software processes for
them to achieve higher capability and move up the maturity ladder. CMMI does not provide
descriptions of processes an organization can simply implement, nor does it specify any
methodologies for process improvement. CMMI then, is necessarily tied to process and
specifically, software or integrated product development processes. Six Sigma, on the other
hand, is decidedly wider in scope and can be effectively utilized for driving both process and
product improvements. Six Sigma provides generally applicable tools and techniques that can be
used for driving improvements in all enterprise processes [26]. It becomes immediately apparent
that organizations using CMMI can also exploit Six Sigma for guidance on how to go about
improving their processes.
There is greater emphasis in CMMI on driving measurable process improvements that
are directly tied to meeting business objectives than the previous CMM-based models [18]. One
of the pitfalls of traditional model-based approaches for software process improvement like CMM
is that organizations defer putting an effective measurement system in place until they reach
higher Maturity Levels where it becomes a requirement. As has been noted earlier, CMMI
provides the Continuous representation that overcomes the drawback of organizations moving in
rigid lockstep with the Staged representation in moving up the maturity ladder. However, CMMI
does not place an explicit requirement to establish a relationship between process performance
and bottom-line performance. It is possible for an organization to simply substitute Maturity Level
rating for continuously measured performance improvements. This leads to a situation where
demonstrating business results that flow from institutionalization of effective processes and the
overall process improvement effort becomes difficult. Software organizations often make large
investments in process improvement without effectively and fully quantifying the returns achieved.
Six Sigma can provide the means for measurability that is assumed in CMMI at higher
Maturity Levels. The statistics foundation underlying Six Sigma offers techniques for measuring
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baseline process performance and hence also the ability to target process improvements in areas
that are likely to produce the highest rate of return. Six Sigma's focus on explicitly establishing the
relationship between process performance and relevance to the bottom-line can be a key
strength and is fully consistent with CMMI objectives. Six Sigma enables early quantification of
bottom line improvements achieved as a result of process improvement, leading to enhanced
management sponsorship, which in turn is instrumental for ensuring long-term success.
A software organization utilizing just Six Sigma may find itself expending precious
resources on excessive analysis and in "re-inventing the wheel" in trying to solve common
problems. Also, improvements carried out for individual processes without the context of the "big
picture"
can often lead to inadvertent sub-optimization of processes. A process maturity model
like CMMI can be highly complementary to Six Sigma in providing an industry best practices
perspective on characteristics of effective and mature software processes. CMMI can provide the
strategic roadmap of what process improvements are to be achieved in order to raise the maturity
profile of the organization. Six Sigma can provide the tactical means to implement the CMMI
strategic roadmap for achieving and sustaining measurable improvements in individual
processes. A Six Sigma based process improvement approach using the DMAIC or DMADV
methodology can be well suited for organizations using either the Continuous or Staged
representations of CMMI.
While general, broad-based process improvement espoused in CMMI is essential for
raising overall organizational maturity, effective prioritization of improvement efforts is also critical
for success. Six Sigma analysis techniques can be utilized as a means of prioritizing bottom-up
process improvement where individual processes are selected based on their ability to contribute
positively toward business performance and provide enhanced customer value [27]. The DMAIC
methodology can be used for achieving measurable improvements in a controlled and predictable
fashion for the selected individual processes. Six Sigma also provides valuable tools and
techniques for ongoing measurement of process performance to ensure the improvements are
sustained. In addition, ongoing measurement of process performance allows for proactive
assessment of when further process improvements or redesign may be necessary to achieve the
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next level of performance. Collectively, Six Sigma approach for process management can help
realize the CMMI goals related to institutionalization and continuous improvement of the
organization's processes. The process capability metrics in Six Sigma can also provide a
systemic approach to benchmarking performance across different processes and organizations.
CMMI essentially focuses on making sure a software organization has an effective
process infrastructure in place for predictable and repeatable performance that delivers
consistently high quality. The specific implementation of an organization's processes is contingent
on a good understanding of both the operational and customer requirements placed on the
process [28]. For a given process, operational requirements are the dependencies with respect to
interfaces with other related processes. Customer requirements are the conditions or criteria that
must be fulfilled by the process outputs, as specified by the customers of those outputs. In order
for a process to be effective, both the operational and customer requirements must be satisfied
by it. CMMI is already optimized to some extent with respect to interfaces between different
Process Areas as a complete process maturity model. Six Sigma's emphasis on factors that are
critical to quality (CTQ requirements) from a customer perspective helps in focusing on what is
most important to the customer and can be a key advantage when used in conjunction with
CMMI. Sigma customer focus can help ensure that a CMMI organization establishes processes
that are not just effective in their performance but also in meeting customer needs. Utilized in a
complementary fashion, this would mean that DMAIC projects for individual processes would
identify the customer CTQ requirements and implement process improvements to meet those.
Where mere improvements cannot help achieve the desired level of performance with respect to
CTQ requirements, process redesign can be undertaken using the DMADV methodology. Once
the improved or redesigned process is fully implemented, Sigma process management
techniques would ensure sustained performance and ability to meet customer CTQ requirements.
In conclusion, it can be surmised from the above discussion that both CMMI and
Six-
Sigma aim toward achieving processes that are highly effective in their performance and are
continuously improved. However, the approach and usage of each is distinctly different when put
into practice in an organization. There is a high degree of complementarity between CMMI and
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Six Sigma that can enhance the results achieved when they are used in conjunction with each
other than singly. How CMMI and Six Sigma could be utilized in a complementary fashion was
explored at a high level in this section. Further details of specific integration between the two will
be developed in sections that follow.
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CMMI and Six-Sigma Integration |
CMMI Maturity Levels 1 and 2
Organizations at CMMI Maturity Level 1 and Level 2 can employ Six Sigma as an
effective mechanism to drive specific improvements to processes that are local in their nature and
impact (Figure 7). In light of the Six Sigma philosophy, quantitative business goals that provide
direct customer value would be drawn up first and then specific processes or products identified
for improvements so as to achieve those goals. The business goals may be reactive in
addressing some defects or proactive in targeting the next level of performance. The key
contribution of Six Sigma at these Maturity Levels is in the form of making a direct correlation
between process improvements and bottom line impact [29]. Establishing this connection can
often be instrumental in establishing early credibility of the process improvement effort thus
ensuring its long-term viability and progression toward higher Maturity Levels. Six Sigma also
brings in a focus on tying process performance to factors considered critical for quality by the
customer. This can help ensure that the service or product delivery outputs of the improved
process will be effective in meeting customer expectations [30].
Given that not all standard organizational processes are defined at these Maturity Levels,
improvements that can be achieved through the DMAIC methodology are with respect to
individual processes only. The structured and measurement driven Six Sigma approach has been
credited with enabling rapid implementation, maturation and institutionalization of process
improvements [31]. However, use of the DMAIC methodology before CMMI Maturity Level 3
should not focus too heavily on establishing the exact relationship of process inputs and control
points to its outputs. Too much emphasis on sub process optimization in the absence of
established defined processes can be counter-productive with regard to overall organizational
performance. The DMAIC methodology can be helpful in establishing key measures for a given
process and thus bringing it into a controlled state, broadly speaking, through process
management activities. Through these individual DMAIC efforts, Six Sigma can accelerate putting
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in place the process infrastructure required by CMMI in moving toward Maturity Level 3 where
standard organizational processes have been defined and institutionalized.
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Figure 7: Integration of Six Sigma across CMMI StagedMaturity Levels
CMMI Maturity Level 3
At this Maturity Level, the standard organizational processes are defined and
institutionalized. The standard set of established measures provides some insight into the
effectiveness of the organizational process. The twin foundations of defined standard process
and a basic measurement system allow for establishing a baseline for process performance
(Figure 7). It is at this Maturity Level that the full-blown Six Sigma DMAIC approach for a given
process can help achieve the next level of performance improvements. Going beyond the key
process measures that had been established earlier, it is possible to establish a relationship
between key inputs and process variables to process outputs. Having established and verified
this relationship through actual data collection allows for predictive process performance that is
the hallmark of quantitatively managed processes at CMMI Maturity Level 4. Given the very direct
applicability of the DMAIC methodology once an organization has attained Maturity Level 3, it can
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be a significant enabler in progressing to the higher Maturity Levels. Indeed, CMMI organizations
such as Northrop Grumman report significantly accelerating their ability to achieve Maturity
Levels 4 and 5 through Six Sigma [24]. To put things into perspective, the median number of
months required for organizations to move from CMM-SW Maturity Level 3 to Level 4 was 33 and
to move from Level 4 to Level 5 was 18 months [3]. Through use of Six Sigma, Northrop
Grumman was able to progress from CMMI Level 3 to Level 4 in 5 months and from Level 4 to
Level 5 in 4 months [24]. While it is true that an exact comparison cannot be drawn between
CMM-SW and CMMI, the numbers above do serve to provide a reasonable estimate. As more
organizations utilize Six Sigma in conjunction with CMMI, the results reported by Northrop
Grumman are likely to be reinforced even further.
For organizations using the Continuous representation of CMMI, the DMAIC methodology
can be an effective approach for achieving higher capability for processes that may fall under a
particular Process Area. It is immediately apparent that improvements or redesign of individual
processes through the DMAIC/DMADV approach prioritized by business value or need can be the
vehicle to climb up the process capability ladder [29]. As the organization achieves a given
capability level across all Process Areas at a particular Maturity Level, the equivalent CMMI
Maturity Level would have been attained. Six Sigma can therefore be applied usefully in both
Continuous and Staged approaches to CMMI-based process improvement. Six Sigma can even
enable a hybrid approach whereby an organization using the Staged representation is able to
achieve higher capability level for targeted Process Areas that result in the greatest payback.
CMMI Maturity Levels 4 and 5
At CMMI Maturity Level 4, relationship between key process inputs and variables is
established to ascertain their effect on process outputs. This allows for a high degree of
predictability in the process performance. Process management activities instituted at Maturity
Level 3 ensure that process performance is monitored on a continuous basis. If the actual
process performance starts to deviate from the predicted values, it could be due to defects in the
measurement system or in the process itself. Six Sigma offers tools and techniques for
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measurement system analysis to verify the accuracy and robustness of the measurement system.
Six Sigma statistical data analysis tools would help determine if systemic causes were leading to
the observed process variation, when a DMAIC effort could be initiated. In some instances, it may
not be possible to attain the desired level of process performance through improvements alone.
In these scenarios process redesign using the DMADV approach could provide the next level of
performance from a given process. It should also be noted that at Maturity Level 4, with
quantitative process management in place, true optimization of a process can be achieved
without inadvertently sub-optimizing other processes [29]. This is because the effect of process
inputs on outputs is known and the net result of any changes can be predicted.
Maturity Level 4 and 5 can be seen as being on the same continuous spectrum of
process maturity. Data-based, i.e., quantitative process management means that statistical
process control is the key objective in moving from Level 4 to Level 5. Statistical tools used within
the Six Sigma context such as control charts, run charts, etc. are highly relevant here. Once
statistical process control is achieved, it is possible to enable proactive continuous process
improvement. Actual process performance is monitored for trends indicating process variation or
defects due to common causes. Six Sigma causal analysis tools such as Pareto or Fishbone
Diagram can help identify root causes of defects. To address process variation due to common
cause, DMAIC or DMADV methodology can be utilized for process improvement or redesign.
Given that quantitative process management and statistical process control essentially allow
listening to the
"heartbeat"
of the process, defects or performance problems can be identified and
addressed proactively rather than after the fact, once much damage has been done. Automated
data collection in near real time allows for full use of Six Sigma statistical analysis tools and
techniques that can help identify potential problems in near real time as well.
It is possible for organizations to attain CMMI Level 5 and still have a lot of room for
improvement. Six Sigma affords a simple measure of process performance that can be
immensely helpful in benchmarking performance. Even in the absence of defects, Six Sigma
enables optimizing a process further to extract maximum possible performance - its entitlement -
in a much more predictable fashion. The savings resulting from reduction in defect costs and
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operational efficiencies achieved can be meaningfully applied toward organizational innovation in
developing the next generation of products and services. The Six Sigma DMADV methodology
can also be effectively applied for developing these new products and services as well as the
processes to support them. In this way, Six Sigma can literally help an organization go beyond
CMMI Level 5 [30].
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Detailed CMMI and Six Sigma Integration
Detailed integration between the CMMI practices and Six Sigma framework will be
elaborated by means of an organization process model [32]. A simple organization process model
outlined in Figure 8 will be used to establish the linkages between CMMI and Six Sigma. All
practices within CMMI Process Areas must be addressed through a number of institutionalized
processes for an organization to be CMMI compliant. The contextual level for some of these
practices is the organization when they apply across more than one standard process. In other
instances, the contextual reference for CMMI practices is the project or program as a whole or
individual activities within a project. The organization process model presented here has three
layers onto which CMMI practices will be mapped:
a Organization Foundational - CMMI practices at this level are targeted toward
developing organizational capability that serves as a foundation for management and
execution of individual standard processes.
? Project Foundational - CMMI practices at this level are targeted toward developing
capability that serves as a foundation for management and execution of individual
projects.
a Project Instance - CMMI practices at this level are targeted toward developing capability
that serves as a foundation for management and execution of individual project lifecycle
activities.
Within the above three layers, CMMI practices are further organized into the following categories
as depicted in Figure 8:
? Process and Project Support
u Process Management
u Project Management
? Project Execution
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Each of these categories will be detailed in the following sections and subsequently, the exact
relationship between these practices will be developed. Standard CMMI acronyms and
references will be utilized; the most important ones being listed in Appendix B.
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Figure 8: Organization Process Model for CMMI Six Sigma Integration
Six Sigma tools and techniques that can provide the execution methodology for process
activities encapsulating these CMMI practices will be clearly identified. The emphasis will be on
sufficiently describing how the Six Sigma tool or technique is relevant for a given set of CMMI
practices or Process Area. Where a narrowly defined or derived usage of a Six Sigma tool or
technique is intended, it will be pointed out as such. Templates are also provided for the
applicable Six Sigma tools and techniques that are used in a specific fashion within the context of
the framework presented here. Detailed descriptions of Six Sigma techniques or detailed
procedures for how they are utilized in practice will not be provided here as that is outside the
specific scope and focus of this study. It should also be noted that generic goals and practices of
CMMI will not be explicitly addressed as these pertain to institutionalization of a given set of
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practices. It will be assumed that once defined, standard processes in the organization are
institutionalized. Therefore, emphasis will be on illustrating a simple way to achieve coverage of
CMMI practices in an effective fashion through the targeted utilization of Six Sigma tools and
techniques. The overall objective will be to develop a comprehensive model for achieving
integration between CMMI and Six Sigma within the context of an organization process model.
Project Instance
Project Execution
These are CMMI practices that must be addressed during the execution of specific
product lifecycle activities as defined within the organization's standard product lifecycle process.
A generic product lifecycle process will be used as the frame of reference to map CMMI practices
to specific product lifecycle activities and then describe points of integration with Six Sigma where
applicable [33]. The intent will be to highlight what CMMI practices must be addressed while
executing a particular product lifecycle activity and how Six Sigma can add value in that area.
This generic product lifecycle process targeted toward software is outlined in Figure 9.
Product Requirements
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Figure 9: A generic software product lifecycle process
It should be noted that only high-level contours of this product lifecycle process will be outlined
to place the discussion in some context. It is not intended to be a complete description of a
software product lifecycle process. A brief description of the purpose of each lifecycle phase
follows:
? Concept Phase - This phase is focused on definition of product requirements based on
customer input and product concept definition. Gating factor for phase exit is selection of
product concept for implementation through the subsequent phases.
? Design Phase - Key activities of this phase involve definition of integrated product
architecture and detailed technical design based on the selected product concept. In
addition, test planning is also initiated in this phase. Gating factor for phase exit is
completion of detailed technical design to begin component development/acquisition in
the next phase.
a Develop Phase - In this phase, all product components are either developed or acquired
and component level testing is conducted. Gating factor for phase exit is satisfactory
completion of component testing leading to successful integrated product assembly.
? Test Phase - This phase involves carrying out integrated product testing. Upon
satisfactory completion of integrated product testing, customer pilots of the product are
conducted. Gating factor for phase exit is satisfactory completion of customer pilots for
the product in preparation for full-scale rollout.
? Deploy Phase - The product goes through full release in this phase to its intended
markets.
? Sustain Phase - In this phase, the product is sustained through its active life by fixing
any defects and introducing upgrades or enhancements to the product through new
versions.
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Concept Phase
Activity: Requirements Specification
CMMI
Level Process Area Goal(s) Practice(s)
3 RD RD.SG1 - All -
RD.SG2 -All-
Discussion:
The CMMI practices within the above two goals of the Requirements Development
Process Area are focused around collecting stakeholder input and transforming it into detailed
product requirements. It is also worth noting that CMMI positions Requirements Development as
a Maturity Level 3 Process Area, with Requirements Management positioned at Maturity Level 2.
This seems somewhat counterintuitive since effective requirements development competency
must be developed first before they can be managed well. One way to look at this may be that
requirements must be managed effectively even if the organization does not yet have the
capability to develop them effectively. The detrimental effects on project performance of
requirements not being managed effectively are well known and need not be elaborated further
[2]. In terms of logical positioning within the context of a product lifecycle process, we will address
requirements development first.
'Develop Customer
Requirements' (RD.SG1) goal practices involve collecting stakeholder
needs and translating them into customer requirements. It is important to note that the term
"customer" is used in a broad sense here to include all stakeholders, whether those are internal
or external customers. Practices for 'Develop Product
Requirements' (RD.SG2) translate
customer requirements into product requirements including interface requirements. These
product requirements are then allocated to product components.
Within the product lifecycle context, the requirements specification activity generally
would only go so far as definition of the product requirements set itself. Only when product
concept alternatives have been outlined and the best product concept selected, does one have a
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high-level product and product component definition. It is only at this stage that it becomes useful
to fully allocate product requirements to individual product components. At this point, the interface
requirements for product components as well as any external dependencies are captured to
manage effective product implementation through the subsequent phases.
Six Sigma Integration:
The most notable difference in the Six Sigma approach to requirements definition is that
the term "customer" is intended for the external customer and does not encompass internal
stakeholders from the development organization. This is important as Six Sigma places greater
emphasis on the needs and requirements of the external customer - the one who is going to pay
for the product [34]. It is important to make the distinction between real customers and other
parties that have a stake in, or are affected by decisions regarding the product so the right priority
can be assigned to the needs of each group. Within an IT (Information Technology) context,
however, the customer may be the users of the business system within the enterprise itself.
Six Sigma offers a rich set of techniques and tools that have been effectively employed to
gather customer input as "Voice of the Customer" (VOC). This customer input is then translated
into product requirements and down to design specifications. This is to ensure that product
design is driven by customer needs so the product can meet those needs satisfactorily. Details of
relevant Six Sigma techniques to collect customer input and translate to product requirements will
be explored in a unified fashion in the "Going from VOC to Design: The Six Sigma Approach"
section below.
CMMI
Level Process Area Goal(s) Practice(s)
2 REQM - All - -All-
Discussion:
Requirements Management is positioned as a basic capability that an organization must
have in place at CMMI Maturity Level 2. Once customer and stakeholder requirements are
translated into product requirements, they must be validated with the source of those
44
requirements. This is to ensure that product requirements reflect the needs of the customer and
stakeholder base and are well understood. Upon validation, requirements specifications can be
approved as the baseline for product requirements that must be met unless they need to be
balanced against well-justified tradeoffs during the product development process. Bi-directional
traceability of requirements down to design specifications is maintained to ensure requirements
have been adequately addressed by product design and implementation. Any changes to the
requirements baseline, whether changed requirements or addition of new ones, should be
managed in a structured fashion through the project-level change control function.
Six Sigma Integration:
Requirements management largely falls in the project-level change management domain.
There is no explicit value add provided by any Six Sigma techniques in this area. Six Sigma tools
introduced in the "Going from VOC to Design: The Six Sigma Approach" section below can help
ensure bi-directional traceability of requirements to design features.
Activity: Concept Definition
CMMI
Level Process Area Goal(s) Practice(s)
3 RD RD.SG3 -All-
Discussion:
Once product requirements have been baselined, operational concepts and product use
scenarios are developed as part of an overall product concept. Product requirements are
translated into product features to establish a baseline of product functionality to be encapsulated
within the product concept. Multiple product concepts are generally developed as alternative
means to realize the product requirements. Concept development also entails balancing product
requirements against tradeoffs to achieve balanced coverage of customer needs and priorities
within the bounds of organizational capability and business goals [35]. The concept alternatives
may also include preliminary information on how the concept will be realized. This may be in the
form of in-house development, acquiring a suitable COTS (Commercial-Off-The-Shelf) product, or
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a hybrid combination of the two. Feasibility studies, simulation, or high-level prototyping may be
done at this stage to ensure each product concept will perform as expected [36]. Alternatively,
given the cost-benefit tradeoffs, concept validation may be restricted to only the most promising
concepts so as to be cost effective.
Six Sigma Integration:
A Six Sigma technique called Conjoint Analysis can be a highly effective approach for
developing viable product concepts from a given feature set. A Design of Experiments (DoE)
Conjoint Analysis can be performed to have customer input guide the concept development
process. This technique allows various feature combinations to be evaluated by the customer to
gauge the feature combinations deemed most important by the customer [10].
Illustrating the technique by a simple example, someone implementing training software
may have the feature set depicted in Figure 10 in consideration based on VOC and business
objectives for the software product. For each feature, there are two possible options. The
objective is to determine what feature options would be most attractive to the customer. The DoE
Conjoint Analysis would set up a designed experiment with combinations of feature options. For
each combination, as shown in Figure 10, the customer would be asked to provide their degree of
acceptance. Customer rating on the linear scale could be converted to numerical values based on
a standard scale. It is important to have clear and crisp operational definitions of what the
customer is being asked to evaluate. For instance, a prototype or example of what "Voice
Capable"
or "Interactive
Graphics"
may mean can be provided for clarity. After collecting the data
from customer surveys, interviews or focus groups as appropriate, it can be analyzed using
standard statistical analysis tools such as Minitab. Based on the exact parameters of the type of
DoE analysis set up, information can be obtained as to what feature options are most important
for the customer. This information can then enable an optimal product concept to be developed.
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Features
# Screens per Module
Voice Capable
Interactive Graphics
Search Capability
Options
<20 f 40
Ves ^ No
NoYes
Natural
Language
Definitely Would
Not Use This
Acceptance Definitely
Want This
Figure 10: ConjointAnalysis using Design of Experiments forproduct feature set
CMMI
Level Process Area Goal(s) Practice(s)
3 DAR - All - -All-
Discussion:
The best product concept is selected from amongst the alternatives using a structured
decision-making approach. Standard criteria are defined and their relative priority established for
evaluation of alternative product concepts. The different product concepts are evaluated for their
ability to best meet these standard criteria and the most promising product concept is selected.
The standard criteria could be comprised of key customer requirements, key performance
measures for the product, or business goals and objectives for the product.
Six Sigma Integration:
Six Sigma provides Pugh Matrix as a versatile tool for structured alternative evaluation
and decision analysis. Pugh Matrix can be widely utilized to narrow down a list of alternatives by
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evaluating them against a list of selection criteria and some known evaluation standard to
determine which alternative(s) best meets the criteria as compared to the evaluation standard
[37].
Once the standard criteria for evaluating product concept alternatives are established,
these are populated in the Pugh Matrix under the appropriate column (Figure 1 1 ) along with their
relative importance ratings. The different product concepts are listed as individual columns with
some name reference for identification purposes. A well understood evaluation standard is
selected as the scale against which the concepts will be evaluated for their ability to meet the
standard criteria. This evaluation standard could be the existing product or service, a competitor's
or best-in-class offering. Scores are entered in the column designated for each concept based on
whether the particular concept is deemed better (+), worse (-) or the same (S) in meeting the
standard criteria as the evaluation standard. The sum of positive, negative and neutral scores is
computed for each product concept.
ID Criteria Concept A Concept B Concept C Concept ...n Evaluation Standard
Sumof(-) Scores
Sum of ( + ) Scores
Sum of ( S ) Scores
Weighted Sum of(-) Scores ,
Figure 1 1: Pugh Matrix
The concepts with the least number of negatives are usually analyzed first to see if the
concept(s) can be modified to eliminate the negatives without adversely affecting the positives.
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Attempt is also made to improve weaker concepts by redesigning them or dropping them from the
next round of analysis [38]. The improved set of product concepts is then iterated through the
Pugh Matrix again to determine the best concept. The analysis enabled by the tool can be used
to obtain a hybrid concept by refining a concept to eliminate causes of (-) scores or incorporating
causes of (+) scores from a different concept [21 ,28]. Pugh Matrix can be a powerful tool for
product concept selection from amongst alternatives and also to perform concept refinement
toward a modified hybrid concept that is better than the initial set of alternatives.
CMMI
Level Process Area Goal(s) Practice(s)
3 VER - All - -All-
Discussion:
Verification of the product lifecycle process artifact capturing the product concept definition
can be performed according to standard organizational procedures. Verification may be
performed as peer reviews or more formal inspection-type reviews. Product concept definition
should be verified for having met the following key criteria:
a Product requirements have been correctly translated into product functionality baseline
definition, i.e., product features.
? Product features have been encapsulated into viable product concepts, taking into
account business and high-level architectural constraints.
a Product concept alternatives have been rigorously evaluated and compared against each
other for their ability to meet key requirements and business objectives for the product.
a The most promising product concept has been selected subsequent to an iterative
refinement and evaluation process.
The final product concept selected and verified forms the baseline for elaboration and
implementation in the subsequent phases of the development cycle.
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Six Sigma Integration:
No specific Six Sigma tool or technique is applicable for the verification activity as such.
Six Sigma process management approach can be utilized for managing the organizational
verification process itself. This will be detailed in later sections.
Design Phase
Activity: Integrated Product Architectu re Specification
CMMI
Level Process Area Goal(s) Practice(s)
3 TS TS.SG1 - All -
CMMI
Level Process Area Goal(s) Practice(s)
3 DAR - All - -All-
Discussion:
Once the most promising product concept is selected, it is then elaborated further by
defining the integrated product architecture in moving toward operationalization of the concept.
Product concept evolution to integrated product architecture defines scenarios, conditions,
environments, operating modes and platforms for the product and its components [23].
Architecture finalizes the set of components that will together constitute the integrated product
and high-level contextual interactions between the components. The product must meet its
functional and quality goals within the constraints of critical parameters such as performance,
reliability, availability, cost, etc. that are imposed on it. Product architecture then essentially sets
the boundary within which detailed technical design can be defined as the atomic level of
elaboration for the product.
Architecture definition is also the stage at which the most critical technical parameters for
the product are established as its quality attributes such as performance, scalability, availability,
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reliability, maintainability, etc. These quality attributes are primarily derived from technical
capability constraints and business goals for the product but are guided by customer needs as
well. The goal of product architecture definition, therefore, is to satisfactorily address quality
attribute requirements as well as the functionality requirements of the selected product concept.
Architecture definition process may involve prototyping or proof of concept activities to
ascertain the effect of certain architectural design decisions on the ability to meet quality attribute
and functional requirements. Often, changes to an architectural design parameter affects quality
attributes in different ways leading to a trade-off point [39]. Product architecture definition
inevitably involves balancing these trade-off and comparing various architecture design options
[36]. The options that best meet some standard criteria - usually quality attribute requirements
coupled with business goals - are selected into the overall product architecture definition.
Six Sigma Integration:
Pugh Matrix can be effectively used during product architecture definition as a structured
alternative evaluation and decision analysis tool. Quality attribute requirements and business
goals for the system can be used as the standard criteria in assessing various architectural
design options to select the most promising ones. At a more granular level, one could use the
Pugh Matrix for comparing architectural design parameter options for their effect on system or
component performance, for instance. The key value add is in using a tool like Pugh Matrix
iteratively to refine architecture design decisions to achieve balance for various trade-offs that
need to be addressed.
Design of Experiments (DoE) was introduced with Conjoint Analysis above for
determining the most promising feature options from a given set of choices. DoE can also be
used in conjunction with prototyping or proof of concept activity done as part of architecture
definition. In particular, designed experiments can help determine key sensitivity points in the
architecture that are highly correlated to some quality attribute response(s) [23]. Using an
example, performing a DoE on a prototype can help determine if the task scheduler is highly
correlated to overall system throughput or availability. Knowing such sensitivity points in the
architecture and getting an understanding of their exact relationship with quality attribute
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responses is only possible with DoE. This knowledge can be immensely valuable in arriving at the
right trade-offs to define the optimal architectural design for the system. Additionally, the degree
of rigor applied toward architecture definition and refinement at this early stage pays enormous
dividends in reduced risk of any course corrections later in the product lifecycle.
CMMI
Level Process Area Goal(s) Practice(s)
3 VER - All - -All-
Discussion:
Verification of the integrated product architecture definition should be performed according to
standard organizational procedures. Verification may be performed as peer reviews or more
formal inspection-type reviews. Given that architecture serves as the foundation for product
implementation, sufficient degree of rigor must be applied in ensuring that the architectural
decisions made are sound and appropriately mitigate product risks. Product architecture should
be verified for having met the following key criteria:
? Product functional architecture sufficiently addresses product requirements from the
selected product concept as well as any derived requirements.
? Quality attribute requirements and business goals that drive the product architecture
definition are satisfactorily addressed by it.
a Architectural design trade-offs adequately balance the complete set of quality attribute
requirements and business goals without undue risk exposure.
? Architecture definition adequately takes into account any technological, business
operational or customer environment constraints.
a The assumptions and constraints that set the boundaries for product architecture
definition have been validated to a reasonable degree.
Product architecture verification can be performed by utilizing formal architecture evaluation
methods for achieving best results from the effort. There are a number of best practices for
software architecture evaluation and review that can be gainfully employed at this stage [39, 40,
52
41]. Architecture evaluation may result in refinement to address any weaknesses or
improvements discovered in the verification process.
Six Sigma Integration:
There are no Six Sigma tools or techniques that add unique value and hence warrant
being explicitly called out for this activity. Six Sigma process management approach can be
utilized for managing the organizational verification process itself. This will be detailed in later
sections.
Activity: Detailed Technical Design Specification
CMMI
Level Process Area Goal(s) Practice(s)
3 TS TS.SG2 -All-
CMMI
Level Process Area Goal(s) Practice(s)
3 PI PI.SG1 - All -
PI.SG2 -All-
CMMI
Level Process Area Goal(s) Practice(s)
3 DAR - All - -All-
Discussion:
Detailed technical design for the product builds upon its defined architecture to specify
the most granular level of product information before it can be implemented. If architecture is the
foundation for the product, then detailed technical design is its blueprint for implementation. At
this level of detail, all the interfaces between components and between sub-components within a
component are specified. The system processes and functionality encapsulated within
components and sub-components are defined in terms of their input, output and operational
parameters. Shared and consistent interface and data definitions enable the product to be
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defined at an implementable level of detail. Completion of component functionality and interface
definition allows the determination of the sequence and procedures for integrating components
into the fully assembled product.
Once detailed product design has been completed, it is also possible to analyze product
acquisition options, i.e., whether to make, buy or reuse product components. Generally, this
analysis can be initiated once product architecture definition is complete but it can be
meaningfully accomplished only with detailed design information for the product available.
Often, more than one product implementation design options are available to the
development team. Prototyping is most commonly done at the detailed design stage as a means
to achieve early design refinement and optimization before a lot of effort is invested in product
development. Product implementation decisions made at this juncture have the potential to
significantly affect the product's ability to meet its quality attribute requirements. This can often
undo all the time and resources invested in developing a sound and well-balanced product
architecture. These design options must be analyzed and evaluated in a structured manner to
arrive at the best option. Also, the data available from prototype results needs to be analyzed
appropriately to arrive at informed conclusions on what design adjustments to make.
Six Sigma Integration:
Once again Pugh Matrix can find effective use as part of the detailed design process as a
tool for structured evaluation of design alternatives. Granular design decisions can be facilitated
by the use of this tool while also allowing for iterative refinement. For instance, if a component
process must perform at a given throughput rate, the design options available for implementing
that process can be evaluated and refined using Pugh Matrix. The added advantage of using
such a tool is that it clearly documents the evolution of design from the initial proposal to the final
option selected. Pugh Matrix can also be used for doing a comparative analysis between make,
buy or reuse options available for the product or specific components to select the most
promising alternative that meets some standard criteria.
Technical design is the area where Design of Experiments finds most common usage
across the entire spectrum of engineering disciplines. Functional product prototypes can
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potentially yield a wealth of valuable data provided one knows what to look for in the information
available. DoE can be employed as a product optimization tool to determine the effect of system
parameter settings on quality attribute responses. Using the example presented earlier, at the
architecture stage, we could perform DoE on a prototype to determine if the task scheduler is
highly correlated to overall system throughput or availability. At the detailed design stage, a DoE
could be performed on a functional prototype to determine what maximum number of concurrent
jobs the task scheduler component can handle without compromising the targeted overall system
throughput and performance. Techniques such as DoE can be quite effective in achieving robust
design by supplying conclusions drawn from real data vs. expert judgment alone. In addition,
knowing the exact effect of a given set of parameters on product response through a transfer
function can allow predictions to be made about how the actual product is likely to perform. In
theory, it should be possible to determine the set of key parameters or factors in the product
which affect each quality attribute such as performance, availability, reliability, etc., in a known
and predictable way.
CMMI
Level Process Area Goal(s) Practice(s)
3 VER - All - -All-
Discussion:
Verification of the detailed technical design for the product should be performed according to
standard organizational procedures. Verification may be performed as peer reviews or more
formal inspection-type reviews depending on the degree of oversight and control required. Design
reviews can be quite valuable in uncovering any design weaknesses or risks at an early stage
before actual product implementation. Product detailed technical design should be verified for
having met the following key criteria:
? Detailed technical design fully realizes product functionality requirements from the
selected product concept as well as any derived requirements.
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a Quality attribute requirements and business goals that constrain product architecture are
not compromised by technical design.
a Product implementation boundaries defined by its architecture have not been violated or
exposed to risk by the technical design.
a Product and component internal and external interface descriptions are complete and
adequate.
Q Any assumptions and key decisions that drove technical design definition have been
validated to the extent possible.
? Design refinement and optimization opportunities have been exploited through a variety
of mechanisms such as prototyping in arriving at the final design.
Any changes to the verified and approved technical design baseline should be managed in a
structured fashion through the project-level change control function. This is also necessary for
maintaining requirements traceability down to design specifications to ensure requirements have
been adequately addressed by product design and final implementation.
Six Sigma Integration:
Given that verification of detailed design also focuses on discovering and evaluating design
risks, a Six Sigma tool called Failure Modes and Effects Analysis (FMEA) can be effectively used
for product technical risk analysis. Technically complex, innovative or otherwise deemed high-risk
product sub-systems or components can be good candidates for FMEA. Performed in the
traditional way, each functional task of a component or higher entity would be analyzed for its
potential failure modes, i.e., the different ways that task could result in a failure. Another more
loosely structured approach would be to simply list the potential failure mechanisms of, say, a
product component without necessarily going through its functional tasks step by step [23]. It is
important to define operationally what a
'failure'
means when doing the FMEA. For each failure
mode, the effects of the failure occurring in that mechanism would be listed (Figure 12). The
failure risk is then characterized and evaluated in light of its effects according to three criteria:
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? Severity - Severity of the failure effect on a numeric scale if the failure mode were to
occur in the real world. The numeric scale is based on relevant operational definitions
tied to each scale number value.
? Probability - Probability of the failure mode occurring in actuality on a numeric scale.
The numeric scale is based on relevant operational definitions tied to each scale number
value.
a Detectability - How detectable the failure mode effect is, on a numeric scale, if the
failure mode was to occur. The numeric scale is based on relevant operational definitions
tied to each scale number value.
The product of numeric values assigned to each of the above three criteria results in a Risk
Priority Number (RPN) numerical values that can be used to prioritize the technical risks for the
product. Once the prioritized set of technical failure risks is obtained, actions to mitigate the
highest priority risks can be identified and tracked to closure. The prioritized list of product risks
developed through FMEA can be used in conjunction with traditional software development best
practices such as risk management using a Top-10 Risk List [42]. In this way, FMEA can serve as
a valuable tool for assessing product risks and mitigating those proactively in the design or early
implementation stage.
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Figure 12: Failure Modes and Effects Analysis
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While FMEA can be instrumental in identifying risks, another Six Sigma technique called
Mistake-Proofing can be utilized while carrying out design refinements so defects can be
prevented from happening in the first place. Mistake Proofing focuses on making provisions in the
product implementation so errors can be eliminated by reducing the potential for mistakes [10].
The two mistake-proofing modes include prediction for cases when a mistake is about to be
made, or detection for cases when a mistake has been made. The prediction mode prevents the
mistake from happening by introducing a gating action or step such as a user warning to re-enter
incorrectly entered data. The detection mode detects and fixes a mistake that has been made
such as use of checksum and error-correction code to fix single-bit errors. There are a number of
mistake-proofing techniques that can be used for eliminating defects from the software product
operation. Some other examples consist of using system alarms that are triggered when a fault is
encountered, providing a pick list of acceptable values for users to select through the user
interface, or auto-correct functionality. Mistake Proofing can therefore be a useful technique for
ensuring robust system design.
Going from VOC to Design: The Six Sigma Approach
There is no dearth of guidance available to complement a capability model such as CMMI
for software organizations - from methodologies for rapid development to a raft of best practices
on every conceivable software engineering topic [42]. However, no set of best practices matches
the intense customer focus that Six Sigma brings to product and service engineering. Getting
customer input and feeding it into the design process to drive product or service design to meet
customer needs is a key emphasis of Six Sigma. There is a compelling set of Six Sigma tools and
techniques that are applicable in this domain. In the next few sections, a Six Sigma driven
approach would be outlined for achieving customer need driven design in the software
engineering discipline. It should be noted that only the key tools and techniques that are deemed
most valuable within the scope of this study will be highlighted. It will also be explained how these
relate to the product lifecycle activities and the CMMI practices enshrined therein that have been
covered above.
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High Level Overview
Customer input for the product or service is gathered as Voice Of the Customer (VOC)
through the relevant direct or indirect methods [43]. Direct methods of gathering customer input
can be forums such as interviews, focus groups, surveys, market research etc. that involve some
degree of active customer involvement. In some scenarios, indirect methods of obtaining
customer information may also be utilized such as data available through customer service
cases, observing customer use of the product or routine customer feedback. It is a good practice
to utilize a combination of direct and indirect methods to gather customer input for greatest
effectiveness. To ensure meaningful customer input is captured to get a good assessment of
customer needs, it is important to first operationally define
'who' is the customer for a given
product or service. Customer analysis from a Six Sigma VOC perspective involves the following
steps:
? Step 1 - Customer Identification: Identify the key customers whose needs must be
satisfied by the product or service solution. Other groups such as system users, service
providers, partners etc., may also be included in the VOC exercise in addition to external
customers to get coverage of all groups that may place requirements on the product. The
operational definition of
"customer" for VOC purposes would be broader than just the
external customer in such cases.
a Step 2 - Customer Segmentation: The identified customers should be grouped into any
logical segments such as geographical region, market segment, industry, size, etc., in
order to tailor VOC data collection effort to each customer segment as needed.
a Step 3 - Customer Prioritization: Relative priority of customer segments should be
determined in terms of their importance as VOC contributors toward product
requirements based on a standard set of criteria. The standard criteria could include
factors such as revenue potential, strategic importance or customer loyalty.
Once customer analysis has been completed, a VOC data collection plan is developed to gather
a representative sample of customer input. Varying sample sizes can be selected to obtain
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statistically significant coverage for individual customer segments based on their priority. The
appropriate VOC data collection mechanisms such as interviews, focus groups, and surveys
could be selected to develop a comprehensive VOC collection strategy across the customer
base.
VOC data is often in the form of vague customer comments or complaints (voices) and
observations of customer behavior (images) that generally require some degree of analysis to
uncover the underlying customer need [23]. A Sigma tool called Translation Matrix can be used to
take these customer "voices" and "images" and translate them into concise statements of
customer needs (Figure 13). The set of customer "voices" and "images" may be quite large if the
raw VOC dataset is extensive to begin with. In such cases, it may be beneficial to consolidate this
customer feedback into a smaller but representative and complete set. A Six Sigma tool called
Affinity Analysis can be used to group VOC data into natural groupings based on some common
theme, by eliminating duplicates and combining items that are similar in intent [37]. Then the VOC
data in each grouping is analyzed to discover the underlying customer need or concern. A
concise and specific statement of customer need is captured as a requirement that must be
addressed by the product or service. The Translation Matrix captures the relationship between
VOC data comprising of customer
"voices"
or
"images"
and customer needs derived from those.
In practice, the Affinity Analysis is performed using Post-It notes on a wall to easily manipulate
the VOC data and arrive at the affinity groups. Once the needs have been derived, the whole set
of information can be captured in the Translation Matrix for traceability purposes. Overall, the
whole process involves analyzing VOC data to higher levels of abstraction to arrive at a
consolidated set of customer needs for the product or service being designed. It should be
mentioned here that the term
"need"
and
"requirement" is often used interchangeably. Customer
needs together may constitute customer requirements that must be addressed by the product. In
some cases, further translation may be necessary to transform customer needs into customer
requirements for the product.
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Figure 13: Deriving design specifications from VOC
Another Six Sigma technique called Kano Analysis can be used to guide the VOC effort
and its input into product or service design. According to the Kano model of customer satisfaction,
customer needs can be characterized into three categories [23]:
? Must Haves - Expected basic needs that must be addressed by the product or service.
Customer satisfaction goes down if these needs are not met.
a Satisfiers - Standard characteristics that produce proportional customer satisfaction by
the degree of their realization in the product or service.
? Delighters - Unexpected product or service characteristics that stimulate some latent
and hitherto unrealized customer need. These often act as product or service
differentiators.
The VOC data collection can be structured in light of the Kano model to elicit customer needs
input for each of these categories. Also, characterizing consolidated customer needs according to
the three Kano categories can assist with their relative prioritization.
61
Once customer needs have been ascertained from the VOC analysis effort, they are
transformed into design specifications through a series of iterative steps using a Sigma tool called
Quality Function Deployment (QFD) or House of Quality (Figure 13). Kano Analysis can be
factored in before entering into the QFD process by either addressing it through prioritization of
customer needs or simply color-coding customer needs according to the three Kano categories.
There are several ways the QFD can be utilized meaningfully based on the particular situation
and intended goals. While QFD has been widely employed for service process design and
product engineering, few examples of its use within software engineering discipline are known
[21 , 28]. A tailored use of the Six Sigma QFD tool for software engineering will be developed here
based on existing use of QFD in different scenarios. The use of this QFD will be illustrated by
means of a software development case study in the next section.
Quality Function Deployment: Transforming Customer Needs to Design Specifications
Quality Function Deployment (QFD)/House of Quality is used to translate customer needs into
design specifications through a series of steps. The purpose of QFD is to ensure that customer
requirements can guide the design of the product in conjunction with other sources of product
requirements such as business operational and regulatory requirements. The tailored QFD usage
developed here for software engineering consists of the following four steps (Figure 14):
? Step 1 - Customer Needs are translated into Performance Measures that will indicate
how well those needs are met.
? Step 2 - Performance Measures are translated into Product Requirements that when
realized will help meet performance targets. Ensure Customer Needs and any other
sources of requirements are adequately covered.
? Step 3 - Product Requirements are translated into Product Features that will realize
those requirements within the context of a feasible product concept.
a Step 4 - Product Features are translated into Design Specifications that will guide the
product blueprint for implementation.
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Figure 14: The four steps of a QFD for software engineering
The details of each of these four steps would be explained by means of a case study that follows
below.
Case Study: Take-Out Order Submission System
Iris Consulting is a reputed IT consulting firm that specializes in providing IT solutions for
small to mid-sized businesses and organizations. Iris often develops these system solutions and
also maintains them for its clients as a service offering for a contract fee. One of its recent clients
is a sandwich store chain with 25 stores in the local metropolitan area. The client primarily caters
to the business worker and student clientele with its stores conveniently located close to areas
with a high density of its customer base. The client sells its offerings mostly as take-out orders
that are received from customers in person and also by phone to a lesser degree. Two of its
smaller rivals started offering their customers the ability to place their order through the Internet
sometime ago. Many of the client's customers have complained about the client not having this
capability. In addition, some of the client stores have been experiencing problems in handling
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unexpected surges in order volume from time to time leading to delays in fulfilling orders and
customer dissatisfaction. The client has contracted Iris Consulting to develop a web-based
system that will be used by the customers to submit their orders. The client is also hoping to
introduce some service differentiators through its offering to gain an advantage over the
competitor offerings. The client also hopes that with advance information about incoming orders,
potential for delays can be reduced and a better customer experience provided.
Iris Consulting worked with the client to gather representative VOC data from existing and
potential customers. In this process, Iris was able to validate a strong customer interest in such
an offering for a web-based order submission system. The VOC gathering exercise also resulted
in a small customer focus group being established for ongoing engagement from time to time,
based on the incentive of free meal coupons. The VOC data was processed to generate a
consolidated set of customer needs (Table 4). These customer needs were assigned an
importance rating on a scale of 1 (lowest) to 5 (highest) based on data collected during the VOC
exercise. Iris decided to use a QFD to ensure customer needs dictated the system design so the
end solution would best meet customer requirements.
ID Customer Need Importance
[1- Low; 5 -High]
1 Ease of use with few steps 5
2 Show all menu choices available 4
3 Choice to pay for transaction online or at pickup 4
4 Ability to specify preferred time window for pickup 2
5 Short promised time window for pickup (> 15 and <= 30 min) 5
6
Able to enter multiple orders in same transaction (e.g. Ordering for a
group) 4
7 Allow individual labeling for multiple orders in same transaction 4
8 System always available during business hours 5
9 Able to provide special instructions with order at time of ordering 3
r
10 Information on website should be current and accurate 5
11 Provide guidance for changing order after submission 2
12 If system down, provide alternate means (phone) for ordering 5
13 Provide phone support for answering questions during ordering process 2
Table 4: CustomerNeeds for Take-Out Order Submission System
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QFD Step 1 - Customer Needs to Performance Measures
The set of customer needs with their importance ratings derived from the VOC data
collection exercise is captured in the appropriate columns in the QFD template (Figure 15). A
review of the customer needs reveals that they pertain to the overall service that is initiated when
the customer submits the order online and not just the web-based order submission system. This
is often the result of a good VOC exercise in that it yields customer needs data about a lot more
than just the initial narrow scope of system implementation, such as in this case. From the
customer perspective, the client is bringing in a new service and not just another order
submission channel. In such scenarios, the valuable information provided by VOC should be
captured as customer needs and fed into the design process. During the design stages, customer
needs can eventually get allocated as requirements to the software system or the service
process, as applicable. The important thing being that customer needs are addressed through
various aspects of the overall service provided through a combination of the system and process.
Given that software is often seen as providing some service to its users, going into software
engineering with a service perspective can often be quite beneficial in better meeting customer
needs.
A competitive assessment was performed to determine how well the client's competitors
fared in addressing the set of customer needs. The customer focus group was asked to rate two
competitors on a 1 to 5 scale, with 1 being the lowest and 5 being the highest. The results were
captured under the relevant column in the QFD template (Figure 15). A weighted score for the
competitive assessment is calculated by factoring in importance ratings for each customer need.
This overall weighted score is indicative of each competitor's ability to meet the customer needs
[44]. The combination of customer need importance rating and competitive assessment ratings
would be instrumental in determining what unaddressed customer needs could turn out to be
service differentiators. As an example, the customer need "Allow individual labeling for multiple
orders in same
transaction" has a high importance rating but receives low ratings in the
competitive assessment. The competitors are not adequately meeting this customer need, hence
the client should strive to focus on ensuring their service offering addresses this need. As
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explained in the earlier section on VOC processing, Kano Analysis can also be helpful in
determining how best to respond to a given customer need given its satisfaction profile.
The first step of the software engineering QFD involves coming up with some technical
response to the set of customer needs. The technical response in the software engineering QFD
presented here is in the form of Performance Measures that would indicate if the set of customer
needs have been adequately addressed or not in the future product or service implementation
[23]. Since the product solution must meet these performance measures, they are also referred to
as Critical To Quality (CTQ) measures. The translation of customer needs into technical
performance measures can serve as a predictive indicator of customer need satisfaction. It is
therefore important that the performance measures selected be measurable during the product
development process so they can be predictive rather than lagging indicators [44]. The measures
should also be capable of being directly controlled by the development team so the product
performance for the particular measure can be adjusted to achieve optimum results. For each
performance measure, the measure as well as the measurement method is defined. It may also
be necessary to define additional details of how the measurement would be operationally
performed in the real world scenario.
The set of performance measures are captured in the individual columns in the Step 1
QFD template matrix as shown in Figure 15. For each one of these performance measures, the
desired direction of the measure is determined (Table 5). The direction is assigned as i when
less is better, T when more is better and O when the target value is best [44] . Any
interrelationships and interdependencies between the performance measures are captured in the
correlation matrix above the performance measures (Figure 15). These correlations are captured
as positive numerical values for synergistic relationships and negative numerical values for anti-
synergistic values. A value of +/- 9 is assigned when a strong relationship exists between a given
performance measure and another performance measure. Similarly, a value of +/- 3 denotes a
moderate relationship and a value of
+/- 1 denotes a weak relationship. These correlations are
indicative of interdependencies that often need to be addressed during the design process as
they can lead to unintended effects in the final product if left unaddressed.
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ID Performance Measures Desired Direction
1 # steps to complete order i
2 Easy-to-use user interface [1-Low; 5-High] T
3 Menu Coverage% 0
4 % orders not within cust. pref. Time window i
5 % orders not fulfilled within promised time window A
6 % orders incorrectly fulfilled (food/labeling/spl. Instrs.) i
7 % business hours when system unavailable I
8 % orders incorrectly billed i
9 % orders: customer orders by phone after trying system i
10 % orders through system vs. phone T
11 % website hits translated to actual orders t
12 Average time to complete 1 -order transaction i
13 Average time to complete 5-order transaction i
Table 5: Performance Measures technical response for Take-OutOrder Submission System
The "Current Capability" row in the Step 1 QFD matrix captures existing capability for a
given service performance measure based on actual measurement data. For instance, the client
knows that currently 7. 5% of orders are incorrectly fulfilled with respect to food, labeling or
customer special instructions. If the new product or service is quite different from the existing one,
there may not be much overlap and hence few data points for current capability with respect to a
particular performance measure. This information serves as the baseline in setting future
Performance Targets as improvements on the existing product or service. For each performance
measure, targets are assigned for the future product or service to meet.
The relationship matrix is then filled out to capture the relationships between customer
needs and performance measures (Figure 15). Each customer need is compared with each
performance measure to determine if the performance measure would be adequate to indicate if
the customer need was being met by the product. The strength of the relationship between the
customer need and performance measure is captured as strong (represented by and assigned
a numerical value of 9), moderate (represented by O and assigned a numerical value of 3) and
weak(represented by ? and assigned a numerical value of 1). By looking at the relationship
matrix entries in each row, a qualitative assessment can be made for how well each customer
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need is covered by the performance measures [38]. The absolute importance for each
performance measure can be determined by computing the total of its relationship matrix scores
weighted by customer need importance rating. The relative importance of performance measures
can be determined to assess the contribution of each performance measure toward addressing
customer needs. At this stage, only the most important performance measures can be selected
for the next step of the QFD. This is often appropriate to do when a few performance measures
have very low relative importance scores as compared to the rest, which have mostly evenly
distributed scores. Regardless, it is important to apply good judgment in making the determination
to leave any performance measures at this stage. This completes the first step of the QFD with a
prioritized set of performance measures as the net result to be taken to the next stage of the
QFD.
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QFD Step 2 - Performance Measures to Product Requirements
The second step of the QFD for software engineering involves determining product
requirements that will help satisfy the performance measures. Product requirements are a
composite of requirements placed on the product from a variety of sources such as the customer,
technology, or regulatory requirements. Some customer needs may be at the sufficient level of
granularity to be included as-is in the set of product requirements. In other instances, translation
of customer needs may be required to derive lower level product requirements. The overall
objective is to capture a set of product requirements that fully addresses customer needs and
would help satisfy performance measures. Product requirements can be organized into
appropriate useful categories and often even allocated to sub-system or components for existing
systems at this stage. A subset of total product requirements is shown in Table 6. These are the
requirements derived from customer needs and performance measures and have been
categorized as "Order Entry" and "Service Infrastructure" requirements.
ID Product Requirements Category
OE.1 No more than 4 steps to complete order
Order
Entry
OE.2 Show all menu choices available for pickup
OE.3 Menu look and feel same as paper menu
OE.4 More than one order should be allowed in same transaction (group
ordering)
OE.5 Customer should be able to specify any labeling instrs. Per order in
transaction
OE.6 Customer should be able to specify any special instructions per order
in transaction
OE.7 Customer should be able to specify Pickup location
OE.8 Customer is able to specify preferred time window for pickup
OE.9 System should return a promised pickup time (>15 <=30 min) within
cust. Pref.
OE.10 Customer should be able to pay online or at pickup
SI.1 Website should be easy to find through search engines
Service
Infrastructure
SI.2 System should be 99.9% available
SI.3 Any menu, pricing, procedure changes should be propagated to
website
SI.4 Information on website should be accurate
SI.5 Same menu information as in paper version
Table 6: Product Requirements for Take-Out Order Submission System
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The performance measures and their relative importance ratings are carried over into
Step 2 of the QFD (Figure 16). Once the product requirements have been determined, the
correlation matrix is completed for them using the same convention as in Step 1 of the QFD. This
helps ensure that any synergies and conflicts between requirements can be identified early and
addressed appropriately. This information can also help in requirements refinement at this stage
to ensure a largely synergistic set of product requirements feeding the design process. As can be
seen in Figure 16, the subset of product requirements represented is synergistic for the most part.
The relationship matrix is evaluated to determine the strength of relationship between
performance measures and product requirements. The visual qualitative assessment reveals
excellent coverage of performance measures by the set of product requirements. The absolute
and relative importance scores for each product requirement also suggest a well-balanced set of
requirements that all seem to be necessary for the future service. A smaller set of "Order
Entry"
requirements would be taken to the next step to illustrate the remaining QFD stages.
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QFD Step 3 - Product Requirements to Product Features
Once product requirements have been determined, the next step is to develop a set of
product features to address the requirements. The set of product features that address "Order
Entry"
set of product requirements is shown in Table 7. The relationship matrix is completed for
Step 3 of the software engineering QFD using established conventions (Figure 17). It can be
noted that generally, there is a 1 :1 relationship between product requirements and product
features. Computing the relationship Matrix to determine the relative importance of each product
feature toward addressing product requirements indicates a well-balanced set of features.
ID
10
11
12
Product Features
4 steps to submit order - select: order items, pick-up location, time, payment method
Menu item selection: web version of menu with ability to click and select Items
Transaction 1->m Package 1->m Item; Item has quantity, price, subtotal attributes
Field for entering free-form labeling instructions at Package level
Field for entering free-form special instructions at Package level
Pick-up Location selection: show all of our valid locations as choices
Cust. Able to select Preferred Pick-Up Time window - 1-hr slots during business hrs.
Provide button for cust. To click and 'Check Availability' within 1-hr timeslot selected
Return 20-minute 'Promised Pick-up Time' window within or close to cust. Preference
Method of Payment selection: 'Online' or At Pickup'
If Method of Payment selected is Online, ask for credit-card information
Allow customer to preview complete order before submitting
Table 7: Product Features for Take-Out Order Submission System
The "Current Capability" row in the Step 3 QFD matrix captures whether the existing
product or service has this feature or not. In this instance, since the client does not offer online
order submission service, no data can be captured. This information can indicate how many
product features are truly new or have existed in some form in the current product or service
offering. Product features with high importance ratings that are not offered currently often have
the potential to be differentiators in the market. The "Competitive
Benchmark"
section captures a
qualitative assessment of competitor product or service offerings against the proposed feature set
on a 1 to 5 scale, with 1 being the lowest rating and 5 as the highest rating. Iris Consulting
completed the benchmarking exercise by working with the client. It is often not necessary to
validate the competitive benchmark with the customer since it may be more technical in nature
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than being immediately close to the customer experiences. The proposed service offering is also
included in the competitive benchmark to determine how it would compare against existing
competitor offerings. As can be seen in Figure 17, the proposed client service offering is
decidedly better than the existing competitor offerings. This may seem obvious and expected
since the competitors are being compared against the feature set for the proposed client service.
However, this benchmarking helps ensure that the proposed product feature set is not addressed
to a good extent in current competitor offerings. In that scenario, the proposed client service may
be at risk of simply being yet another player in the market and not having any distinct competitive
advantage. The benchmarking data in this instance shows that is not the case. The client service
is well placed to introduce several differentiators in the market and has clear competitive potential
in the market. This is certainly the objective in taking a customer focused approach in designing
the new web-based order submission service for the client.
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F/gure 77; OFD Sfep 3 for Take-OutOrder Submission System Case Study (from completed QFD template)
QFD Step 4 - Product Features to Design Specifications
The last step of the QFD involves translating product features developed in Step 3 into
product design specifications. The product features developed for "Order
Entry"
requirements are
translated into design specifications shown in Table 8. These design specifications are organized
into three categories. Design specifications for "Enter Order Items
Interface"
pertain to the order
entry user interface for the customer. "Order Details &
Submission"
category captures
specifications for the order reservation and submission steps, while the backend order scheduling
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specifications are captured in the "Scheduling" category. As can be seen in Figure 18, a large set
of design specifications has resulted from a much smaller set of product requirements. This
should be expected according to general software engineering principles as design specifications
represent the most granular form of product elaboration before its implementation.
ID
01.1
0I.2
OI.3
0I.4
0I.5
0I.6
OI.7
OI.8
OI.9
01.10
01.11
OI.12
01.13
0S.1
0S.2
OS.3
OS.4
OS.5
0S.6
OS.7
Design Specifications
Page 1 : is Step 1 ; Page 2: is Step 2, 3, & 4; Page 3: is Preview and
Submit Order
Step 1 : Order page has writable Enter Order section and static Display
Order section
Enter Order section: Package, Items, Qty., Labeling Intrs., Special Intrs.
Are attributes
Dropdown picklist of values: Package - from 1 to 20; Quantity - from 1
to 10
Free-form Text field: Labeling Intrs. - 50 chars max; Special Intrs. - 200
chars max
Customer selects Package value of 1 or clicks on Item -> web menu
opens in new window
As customer selects Items from web menu, populate Items in Enter
Order section
Customer selects Quantity for each Item; Enters Labeling or Special
Instrs. & clicks 'Done' button
On 'Done' click, show read-only Package info in Display Order section
& clear Items in Enter Order
Display Order: Package, Item, Qty., Price, Subtotal, Labeling Intrs.,
Special Intrs. & Total are attributes
Display Order: only first 10 chars of Labeling Intrs. & Special Intrs. Are
shown here
Display Order: "Add another Package to Order or Go to Step 2"; link to
Step 2
As customer enters another Package, auto increment Package value if
customer doesn't select explicitly
Step 2: Customer selects Pickup Location (dropdown picklist of valid
locations)
Step 3: Customer selects Preferred TimeWindow (dropdown picklist of
1-hr slots during business hrs.)
Customer clicks on 'Check
Availability' button when scheduling
availability check is done (chk_avail)
Customer accepts Promised Pickup Time and moves to Step 4 or
selects another Preferred Pick-Up Time
Step 4: Method of Payment is dropdown picklist with
'Online'
and At
Pick-Up'
values
If customer selects 'Online' reuse cc-validation function to solicit and
process credit card information
Preview Order' at end of Step 4 when clicked takes to consolidated
Display Order and Step2-4 info
Category
Enter Order Items
Interface
Order Details &
Submission
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ID Design Specifications Category
OS.8 Submit
Order' button at end of preview order page completes order
submission process
S.1 For each Location: divide business hours into 20-min slots with max.
capacity from loc_capacity attribute
Scheduling
S.2 chk_avail: for Location specified, return avail. Open-slot within specified
hour-slot or right before/after
S.3 Upon order submission, reserve Promised Pick-Up Time slot,
decrement open-slots within hour-slot
Table 8: Product Design Specifications for Take-Out Order Submission System
The relationship matrix is completed by evaluating the strength of relationship between
the product features and design specifications according to the established convention. The
relative importance scores for the design specifications indicate well-balanced, good coverage of
product features. Sometimes, it can be instructive to also complete a correlation matrix for design
specifications at this stage to capture any anti-synergistic relationships between design
specifications, which can lead to unexpected results during the implementation stage. In this
instance, this was not deemed necessary in light of a highly synergistic set of product measures
and product requirements in the initial QFD stages.
For any measurable design specifications, especially ones with continuous data
measures, performance targets can be set. For instance, performance targets would be set for
any design specifications pertaining to data processing, system response times, etc. A
competitive benchmark can also be done to assess how competitor offerings compare against the
proposed client product or service. Often, competitive benchmark data may not be available at
this level of granularity but can be immensely helpful in helping to determine performance targets
for the future product when it is available. Additionally, current performance capability can be
noted for existing product or service, where applicable. The performance targets for the future
product or service should compare favorably against current capability and competitive
benchmark data to position it for success. The net result of the last QFD step is to yield a set of
design specifications that can be traced back to customer needs and are highly competitive.
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Figure 18: QFD Step 4 for Take-Out Order Submission System Case Study (from completed QFD template)
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QFD in the Software Product Lifecycle
Translation of Product Requirements into Integrated Product Architecture followed by
further elaboration as Detailed Technical Design constitutes the core of the product development
process. Six Sigma allows for a structured way to bring customer input into the product
development process through VOC. The customer needs derived from VOC feed into one of the
most critical subset of product requirements - customer requirements. However, there are other
sources of product requirements besides the customer. The product may have to satisfy
regulatory requirements that the customer may not even be aware of as such (Figure 19). There
are often business operational requirements that take into effect how a given enterprise runs its
business. For instance, product requirements would be different if the software product is sold via
the traditional mechanism versus as a web-based service. Similarly, Integrated Product
Architecture definition is guided by a number of constraints. Technology and Platform constraints
establish boundaries with respect to the technologies and delivery platforms that can be utilized
for the product offering. Organizational Policy Constraints may establish boundaries for
architectural decisions such as how the software application will be deployed in light of security or
privacy policies. Business Operational Constraints may also introduce factors such as date-time
and multi-language handling for a global system implementation (Figure 19). Lastly, Technical
Design for the product may also be guided in part by technology standards employed as well as
specific organizational implementation standards in use. The key point in all this is that the
software product development process is driven by a variety of inputs besides the requirements
set forth by the customers.
As illustrated above, QFD can be effectively used to achieve the stepwise translation of
customer needs down to product technical design. The QFD can help guide the traditional
software development approach by acting as a structured requirements analysis tool [45]. The
second step of the software engineering QFD feeds requirements derived from customer needs
into the Requirements Specification artifact (Figure 20). The set of product features derived from
product requirements in the third step of the QFD act as inputs for developing product concept
alternatives. Integrated Product Architecture sets the implementation boundaries for the approved
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tl""lf
Customer Requirements
Product Requirements
Business Operational
Requirements
Org. Policy Constraints Platform Constraints
Integrated Product Architecture
Business Operational
Constraints
Org, implementation
Standards
-Product Technical Design
Technology Constraints
Technology Standards
Figure 19: Sources of inputs for key software lifecycle artifacts
product concept selected from amongst the alternatives. Product design specifications derived in
the fourth step of the QFD flow into the Detailed Technical Design definition for the product.
It is naive, however, to assume that only doing a QFD as demonstrated will serve as a
substitute for the traditional software development activities to translate requirements into design.
The key utility of QFD is as a technique for ensuring customer needs or requirements flow down
to product design specifications. However, as described above, there are many inputs in addition
to customer requirements that guide the software development process (Figure 19). Theoretically,
it is possible to simply introduce the additional inputs described above at various QFD steps to
achieve a more complete flow from requirements to design specifications. However, it is best to
view the QFD as being complementary to the traditional software development methods and not
as a substitute. In itself, the QFD alone would be quite inadequate as a software engineering
technique. As an example, the third step of the QFD yields the set of features that must be
realized in the product implementation for it to satisfy requirements that have been placed on the
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product. The QFD simply takes these product features and translates them into design
specifications in the next step. This ignores the need to weave the set of product features into
unified product concepts and then select the most promising concept for further elaboration. The
QFD alone would also leave the Integrated Product Architecture definition unaddressed. Product
architecture is perhaps one of the most critical steps in setting the foundation for the technical
implementation of the product. The design specifications for the product have meaning only within
the context of its architectural boundaries.
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Figure 20: Relationship between QFD and key software lifecycle artifacts
Overall, Six Sigma offers a number of powerful techniques that can be effectively utilized
for product requirements and design definition. These techniques and tools fit seamlessly into the
product development process. The usage of these Six Sigma tools and techniques described
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above can become the methodology that helps addresses the CMMI practices relevant for this
part of the product development process.
Activity: Design Scorecard Definition
CMMI
Level Process Area Goal(s) Practice(s)
2 MA - All - -All-
Discussion:
In the traditional product development approach, the high level objectives that have been
set for the product solution are often validated only toward the end of product testing. This sets
the stage for reactive management of any product defects. This weakness is addressed through
proactive management of design problems through a Six Sigma tool called Design Scorecard,
outlined below.
Six Sigma Integration:
The Design Scorecard captures the critical to quality (CTQ) performance measures that
were developed as part of the QFD. These key CTQ requirements indicate the ability of the
product to satisfy customer and business needs. The CTQ performance measures are often
predictive in nature and can act as forward-looking indicators of product quality if chosen
carefully. As the system is built and tested, it is measured for its ability to satisfy these CTQ
requirements. Given that (system) architecture quality attributes also have a direct implication on
product quality, these can also be included in the Design Scorecard as
'technical' CTQ
requirements that have been derived from customer needs. The Design Scorecard captures the
key CTQ requirements and the measurement method for how a particular CTQ will be
operationally measured in practice (Figure 21). The measurement
method definition should take
into account current organizational ability, cost of any manual measurements, as well as
infrastructure tools for automated measurements. The organizational measurement infrastructure
is leveraged to the extent possible in drawing up the measurement mechanisms. It is also
important to ensure that the measurement system is accurate, reliable and repeatable over time.
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There are a number of Six Sigma techniques available for conducting rigorous measurement
system analysis to ensure its robustness [23].
The specification target, as well as applicable upper and lower limit, is set for each CTQ
performance measure based on customer input. Any baseline data available for current capability
with respect to the particular measure is also noted as initial reference. Most of this information
should already be available from the QFD. The inclusion of system quality attributes as
'technical'
CTQ requirements forces an early operational definition of how availability, performance, etc. will
be measured in practice for the product.
The product would have been designed to perform within the set CTQ specification limits
and within a targeted defect rate or less. In Sigma parlance, the defects are calculated in terms of
Defects Per Unit (DPU), where the unit is the entity for which the defined CTQ is relevant such as
system or subsystem. Knowing the technical design and FMEA for the product design, it is
possible to predict the failure rate as Defects Per Million Opportunities (DPMO). The Design
Scorecard can be used to come up with an estimated Sigma value for each CTQ. The
measurement data collected during the product development and testing process can be
analyzed and rolled up into the Design Scorecard to develop a continuous scorecard for how well
the actual product implementation is performing relative to its expected performance factored into
the design. This information can be immensely helpful in uncovering early design problems so
they can be addressed through targeted design refinements. The Design Scorecard can thus
provide an overall assessment of how well the product implementation is meeting its design goals
that have been derived from customer needs.
ID CTO Measurement
Method
LSL Target USL Baseline
Measure
Mean Standard
Deviatio
DPU DPMO Sigma
Figure 21: Design Scorecard
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Activity: Test Planning
CMMI
Level Process Area Goal(s) Practice(s)
3 VAL Valid.SGI -All-
Discussion:
Once detailed technical design for the product has been completed, preparation for
validation testing of the product solution can be started. Test planning activities encompass
setting the overall strategy for testing and developing test scenarios, procedures and acceptance
criteria based on product design specifications. The various levels and types of testing required
for the product components and the integrated product is defined at this stage. Detailed test
activity schedules and infrastructure needs such as environments needed for component, product
integration testing, or customer pilot testing are defined within the overall boundaries of the
product development project. Commitment for the validation resources, infrastructure and
timelines are obtained before moving onto the Develop Phase.
Six Sigma Integration:
There are no Six Sigma tools or techniques that add unique value and hence warrant
being explicitly called out for this activity.
Develop Phase
Activity: Acquire Product Components
CMMI
Level Process Area Goal(s) Practice(s)
3 TS TS.SG3 -All-
Discussion:
Subsequent to detailed technical design verification and the resulting refinement, the
product components are developed according to their design specifications. In some instances,
COTS (Common Off The Shelf) components may also be acquired at this stage to be validated
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and then integrated into the overall product solution in later activities. All components and
artifacts that are part of the final product solution, including support and end user documentation,
are developed or acquired at this stage.
Six Sigma Integration:
There are no Six Sigma tools or techniques that add unique value and hence warrant
being explicitly called out for this activity.
CMMI
Level Process Area Goal(s) Practice(s)
3 VER - All - -All-
Discussion:
Verification of the acquired product components should be performed according to
standard organizational procedures. Verification may be performed as peer reviews or more
formal inspection-type reviews depending on the degree of oversight and control required. The
component verification focuses on ensuring that the individual component has been implemented
according to its approved design specifications. Any deviations from design or implementation
weaknesses can be exposed at this time and addressed before they have the potential to
proceed to actual testing. For software components, verification activity at this stage of the
product lifecycle is in the form of code reviews. The value of code reviews in early identification of
defects and software optimization is well documented and need not be re-emphasized here.
Six Sigma Integration:
No specific Six Sigma tool or technique is applicable for the verification activity as such.
Six Sigma process management approach can be utilized for managing the organizational
verification process itself. This will be detailed in later sections.
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Activity: Component Testing
CMMI
Level Process Area Goal(s) Practice(s)
2 PPQA - All - -All-
CMMI
Level Process Area Goal(s) Practice(s)
3 VAL Valid.SG2 -All-
CMMI
Level Process Area Goal(s) Practice(s)
5 CAR - All - -All-
Discussion:
The acquired product components are tested to validate that they have been
implemented and function according to their approved design specifications, including interface
descriptions. The organizational quality assurance capability is leveraged to ensure objective
evaluation of selected product components based on approved component validation plans. The
delivered work products are evaluated against their design definition as well as adherence to
standard organizational processes and policies. For instance, quality assurance for the
components would also ensure that the necessary process controls around configuration
management have not been violated in delivering the initial product component. The results from
component validation testing are analyzed to identify issues and defects. These component
defects and any noncompliance issues are documented and communicated to management for
appropriate action.
Detailed analysis may be conducted for high priority defects to identify their root causes
and develop remedial actions to address the defects. Appropriate action plans may be developed
and implemented to remediate the identified root causes and validate resolution of the defect.
The defect root cause data and resolution validation data is recorded for future reference and
reuse at the project or organizational level.
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Six Sigma Integration:
There is an extensive set of Six Sigma tools that can be effectively used for causal analysis
and data analysis in general. Within the validation testing context, tools for root cause analysis of
defects are most relevant. A Sigma tool called Cause and Effect Diagram or Fishbone Diagram is
often utilized for causal analysis (Figure 22). The tool helps generate a list of possible causes for
a given effect where the effect may be a problem, defect or a symptom [23]. The causes identified
are the likely factors that may contribute toward the effect to varying degrees. Once the effect or
problem is selected, the relevant categories of causes are selected from amongst: People,
Equipment, Materials, Information, Processes & Procedures, and Environment. Generally the
causes for a given effect tend to fall under the above broad set of categories but any additional
categories can be included as necessary. The set of possible causes for the defect are identified
under the selected categories through a brainstorm activity [37]. Further drill-down causes can be
identified for the prime suspects that are considered to contribute toward the effect. One way to
prioritize the causes to identify the prime suspects may be to categorize them as:
a constants that are always present and hence cannot be changed,
a causes that act as noise variables by occurring on a random basis and hence cannot be
controlled,
a causes that are true variables and within control of the design team.
It is the variable causes that are likely to yield positive results when redressed. Once the likely set
of critical causes of the defect are identified, they must be verified through further analysis and
experimentation. Through controlled experimentation via DoE methods and subsequent data
analysis, the exact causal relationship between a given cause factor and the effect or defect can
be identified and verified. The amount of energy invested in detailed root cause verification will
depend on the criticality of the defect and expected payoff. Regardless, Fishbone Diagram can be
gainfully employed as a structured root cause analysis tool.
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Figure 22: Cause and Effect (Fishbone) Diagram
Another Six Sigma tool used for causal analysis is Pareto Analysis. It allows for
quantitative comparison of the occurrence frequency of different defect causes and failure modes.
The key principle behind Pareto Analysis is the notion that a small number of key factors mostly
account for a given problem or result [23]. In the software development context, a Pareto chart of
defects could be constructed from system testing data. The Pareto chart would be a histogram of
total defects discovered distributed across system components or modules. Such an analysis
often helps to identify the one or two system modules that are the biggest contributors toward
defects and hence best candidates for design refinement. One could also do cascading Pareto
charts where drill down Pareto chart can be constructed at the module level for the top subsystem
contributor to overall system defects. The module Pareto chart can then be further decomposed
to the distribution of defects across the functions in the module. Such a drill-down analysis can be
immensely helpful in identifying and isolating the problems so they can be addressed in a
targeted fashion.
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Test Phase
Activity: Acquire Integrated Product
CMMI
Level Process Area Goal(s) Practice(s)
3 PI PI.SG3 -All-
CMMI
Level Process Area Goal(s) Practice(s)
2 PPQA - All - -All-
CMMI
Level Process Area Goal(s) Practice(s)
3 VAL Valid.SG2 -All-
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CMMI
Level Process Area Goal(s) Practice(s)
5 CAR - All - -All-
Discussion:
The set of validated product components is assembled into the full product according to
defined integration sequence and procedures. The fully integrated product is then tested to
validate its intended functionality and interface compatibility according to approved design
specifications. The organizational quality assurance capability is leveraged to ensure objective
evaluation of the integrated product based on approved product validation plans. The delivered
work products are evaluated against their design definition as well as adherence to standard
organizational processes and policies. For instance, quality assurance would also ensure that the
necessary process controls around configuration management have not been violated in
delivering the initial integrated product. The results from integrated product validation testing are
analyzed to identify issues and defects. These product defects and any noncompliance issues
are documented and communicated to management for appropriate action. Detailed analysis may
be conducted for high priority defects to identify their root causes and develop remedial actions to
address the defects. Appropriate action plans may be developed and implemented to remediate
the identified root causes and validate resolution of the defect. The defect root cause data and
resolution validation data is recorded for future reference and reuse at the project or
organizational level.
Once integration defects have been addressed to achieve a fully integrated and stable
product, any necessary product optimization can be carried out to attain better performance with
respect to defined product CTQ requirements. In particular, optimization for system quality
attributes such as performance and scalability is best done once full system stability has been
achieved to prevent redundant sub-optimization cycles.
Six Sigma Integration:
Six Sigma tools such as Fishbone Diagram and Pareto Analysis can be used for causal
analysis of product integration defects, much the same way as their usage was described for
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component testing defect analysis. The goal of product integration is to deliver a fully integrated
and stable product that meets its targeted design goals. Along with addressing any integration
problems such as interface incompatibility, product optimization is also a focus at this stage of the
product development cycle. When the integrated product delivers poor performance against its
system quality attributes or other key CTQ requirements, design optimization can be performed
using Design Of Experiments (DoE). The appropriate statistical analysis tools can be employed
for analyzing data obtained from the fully functional integrated product. Where a distinct trend or
correlation of statistical significance indicates a problem, then the appropriate causal analysis
tools can be used to identify the possible root causes. Once the root cause factors for the
problem or defect have been validated, controlled experiments can be conducted to find out what
settings for these root cause factors will yield the desired performance levels. As an example,
often there are multiple software tuning parameters in the system that can be manipulated to
achieve optimum performance. The interactions between these parameter settings for a given
system usage may not be known. Design of Experiments can be quite beneficial in these
scenarios to determine a transfer function that captures the approximate relationship between
these system parameters and overall system performance for a given system quality attribute
[23].
Activity: Product Customer Pilot
CMMI
Level Process Area Goal(s) Practice(s)
5 CAR - All - -All-
Discussion:
Product validation in the controlled test environments often does not expose the product
to real world situations where it is intended to be used by the customers. Therefore, it is
imperative that a trial implementation of the product solution be done as a customer pilot to
ensure its effectiveness in the customer environment [35]. The customer pilot yields valuable data
about product usage in real world scenarios that can enable better preparation for full scale
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implementation planning. Customer pilot offers the first opportunity of validating the assumptions
made by the product team about customer behavior and usage of the product. Any defects that
do not show up in controlled product usage but are likely to occur when faced with the rigors of
the customer environment can be discovered through the pilot process. Often, the critical defects
discovered through the customer pilot must be resolved before full-scale deployment of the
product can be carried out. The exponential costs of allowing defects to escape to the customer
environment are well documented. Effective defect resolution entails correctly identifying the root
causes, taking remedial actions to address defect causes and then validating the fix. Minor
product issues that are discovered during the customer pilots may entail developing workarounds
and associated user support documentation. Customer pilot can also be helpful in uncovering any
unintended consequences or unexpected impact of the product on the customer environment. By
helping to identify and proactively address potential issues, customer pilot can be a valuable
exercise in mitigating risks associated with scaling the product to its entire potential customer
base.
Six Sigma Integration:
The set of Six Sigma tools and techniques for causal analysis such as Pareto and
Fishbone Analysis can be used for analyzing product problems discovered during customer pilots
as well. Other statistical analysis tools may also be used to analyze the product use data
obtained from the customer environment to discover any performance trends and ensure stable
product operation.
Activity: Control Plan Definition
CMMI
Level Process Area Goal(s) Practice(s)
2 MA MA.SG1 - All -
CMMI
Level Process Area Goal(s) Practice(s)
4 OPP - All - -All-
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CMMI
Discussion:
CMMI includes a set of practices within 'Organizational Process
Performance' Process
Area that focus on establishing process performance measures and targets along with baseline
process performance. These practices together act as the foundation for moving toward statistical
process control and higher-order proactive process management activities. In the traditional Six
Sigma DMAIC approach, similar practices would be followed prior to full deployment of the
improved or redesigned process. These practices can be adapted and effectively employed for
product management in much the same way as process management activities. Doing so can
provide a lot more structure to the traditional ad-hoc product management practices through
metrics such as customer defect rates, revenue and margins.
As the product is readied for full-scale deployment release to its targeted customer base,
a unified set of key measures and metrics are established for the released product. These metrics
should encompass both technical measures of product's effectiveness as well as business
measures for its viability in the marketplace. The key measures as well as operational details for
their data collection and analysis are defined. Scorecards can be developed based on these
measures from the results of ongoing data gathering and analysis. A Sigma tool called Control
Plan can be used to establish these product management measures.
Six Sigma Integration:
The Design Scorecard captures the critical to quality (CTQ) performance measures
indicating the product's ability to satisfy customer and business needs that were developed as
part of the QFD. System quality attributes can also be included in the Design Scorecard given
their bearing on product quality. The measurement data collected during the product development
and testing phases is analyzed and rolled up into the Design Scorecard to develop a continuous
scorecard for how well the actual product implementation is performing, relative to its expected
performance. The CTQ measures and measurement methods defined in the initial Design
Scorecard may also have gone through refinement during the product development, testing and
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pilot stages. At the conclusion of product customer pilot and prior to the full production release of
the product, the final Design Scorecard is used as a key input to establish a Control Plan for the
product. Control Plan includes key product CTQ requirements from the Design Scorecard and
critical business performance measures that will together indicate the ability of the product to
meet its customer needs and business goals. The traditional usage of the Control Plan can be
expanded to include business goals such as cumulative product revenue, margins, and service
cost. These CTQ measures are used to specify plans for production system measurements while
it is in Sustain phase. For IT system implementations, organizations have greater degree of
operational control. Therefore, a greater breadth of measures can be meaningfully employed to
act as indicators of operational health of the software business system. The performance targets,
performance baseline and validated measurement system for the CTQ measures is carried
forward from the Design Scorecard into the Scorecard component of the Control Plan (Figure 24).
Since the Control Plan governs the ongoing product management activities during the market life
of the product, the frequency at which measurements will be taken for each CTQ measure is also
defined. The cumulative data snapshot of actual product performance can be captured in the
Scorecard within the Control Plan. The measurement data can also be used to do trend analysis
to identify early indicators of potential degradation in performance.
ID CTQ Measurement
Method
Measurement
Frequency
LSL Target USL Baseline
Measure
Mean Standard
Deviatio
DPU DPMO Sigma
Technical
Performance
Reliability
Availability
Business
Product Revenue
Product Margin
Total Cost of Ownership
(TCO)
Expected Product
Lifespan
Figure 24: The Scorecard component of Control Plan
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Any deviation out of specification limits for a given CTQ is considered as a defect.
However, one-off specification violations may not be sufficient to warrant any corrective action.
The Response Plan component of the Control Plan entails developing the threshold definitions for
out of control system performance and response action paths for bringing the system back under
control [37]. The response threshold is the trigger for each CTQ which when crossed necessitates
some remedial action to be taken. The response threshold takes into account both the degree of
variance between actual product performance and the LSL/USL specifications as well as the
persistence of the variance or defects over a period of time. For each response threshold, the
mechanism through which the response threshold breach will be reported for any remedial action
to be taken is also defined. This may be through the Case Management Tool or some other
notification means based on organizational infrastructure and standards. The Response Plan
includes the functional role and organization within the enterprise that is likely to identify the
defined response threshold breach for a CTQ measure. Based on the measurement mechanism
defined, this may correlate to a function or role within the User or Support organizations such as
Customer Support, Data center Personnel, etc. Lastly, the remedial actions to be taken when the
response threshold is breached as well the organizational roles responsible for those actions are
also defined within the Response Plan. There may be multiple action steps involved which should
be detailed separately with response times and owners for each. It is possible to have various
levels of response thresholds and their associated response actions based on factors such as
system criticality, etc. for a given CTQ.
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ID Response Threshold Reporting
Mechanism
Identification: Identification:
Role Org
Action Response
Time
Owner:
Role
Owner:
Org
Figure 25: The Response Plan component of Control Plan
The Control Plan helps set clear boundaries for product viability with respect to business
and customer value. Control Plan helps drive product ownership and accountability for ongoing
system support and also serves as a continuous product improvement mechanism. Proactive
product management guided by data based decision-making sets the foundation for better quality
and higher customer satisfaction.
Sustain Phase
Activity: Product Support
CMMI
Level Process Area Goal(s) Practice(s)
5 CAR CAR.SG1 -All-
Discussion:
During the Sustain Phase of the product lifecycle, ongoing product support entails
identifying the customer problem and then resolving it through appropriate actions. Often, the
customer problem may expose a hitherto unknown product defect. Since there is no
manufacturing process involved with software products, new defects cannot be injected through
the manufacturing process. Hence, once released, most software defects tend to be discovered
by the customer. Once these new defects are discovered, root cause analysis must be performed
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to identify the underlying defect causes so they can be addressed through workarounds or
product improvements.
Six Sigma Integration:
Six Sigma tools such as Cause and Effect (Fishbone) Diagram and Pareto Analysis can
be used for root cause analysis of defects. Statistical analysis tools and techniques are also used
to identify correlations between defects and its causes. Overall trend analysis can be performed
for all product defects or problems reported during a given period of time. For instance, analysis
of product support case data may reveal customers having problems understanding system
configuration instructions. An improvement effort could be launched to enhance the system
configuration instructions after validating the data analysis finding with the customers and
collecting VOC.
Activity: Product Improvement
CMMI
Level Process Area Goal(s) Practice(s)
5 CAR CAR.SG2 -All-
CMMI
Level Process Area Goal(s) Practice(s)
5 OID - All - -All-
Discussion:
Defects may be discovered in the released product through a variety of channels such as
customer complaints as well as internal testing or use. In addition, periodic enhancements and
upgrades are often needed to keep.the released product competitive in the market. So, product
improvements may be necessary to address defects or introduce product upgrades or
enhancements in the market. Once improvement objectives, scope and business justification are
defined, action plans are drawn to implement the project. The improvement solution is validated
and piloted for its effectiveness and then deployed to its targeted customer base through a
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structured process. Actual product performance data is collected and analyzed post deployment
to ensure improvement objectives were achieved.
Six Sigma Integration:
The Six Sigma DMAIC methodology can serve as a structured process for implementing
product improvements. The DMAIC methodology offers a rich toolset for problem definition and
structured solution concept selection. Most importantly, the rigorous statistical foundation behind
DMAIC tools and techniques enables the potential impact and effect of the solution to be
predicted and then validated through pilots. Once any deployment and scaling risks for the
improvement solution are mitigated subsequent to customer pilots, the improvements can be fully
deployed. The product management techniques available within DMAIC can be used to assess
the ongoing effectiveness of the improvements that are deployed within the organization or the
customer base.
Concept Design Develop Test Deploy Sustain
-Product
Defects/Enhancements-
Define Measure Analyze Improve t Control
Define Measure V Analyze = Improve ; > Control
Define Measure ? Analyze ><$< Improve * Control
Product Fixes/Upgrades
Figure 26: The Continuous Product Improvement Loop using DMAIC
The DMAIC methodology can be utilized to bring in incremental improvements to the
released product as defect fixes or product upgrades through a continuous improvement loop
(Figure 26). Each DMAIC project will have a clearly defined and targeted improvement focus that
delivers a new product release baseline. The DMAIC methodology also helps ensure that
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incremental improvements during the Sustain Phase of the product lifecycle can meet customer
needs and do not unexpectedly compromise performance against already established CTQ
requirements. The details of the DMAIC methodology steps would be elaborated in a later section
since it is an organizational capability that can be widely utilized for both product and process
improvements.
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Project Foundational
Project Management
These are practices that must be addressed by the tailored use of processes and tools at
the project or program level. Since a Program is a set of related Projects, the Program involves
another management layer superimposed on the project-level management activities. Hence, the
term "project" will be used in the subsequent sections with the understanding that some of the
project management practices can be easily scaled up to manage programs. It should also be
noted that the overall product lifecycle for a given product is better seen as a program since it
may involve incremental improvement projects on top of the initial product development project.
Another note of clarification is that the set of product lifecycle phases and activities therein, until
the initial product release, together constitute a product development project. Individual product
lifecycle activities may leverage the capability provided by project management practices as
relevant to the specific needs of the product development project. Project management capability
has an impact on the effective execution of all the individual project activities. Therefore, project
management capability serves as a foundation for successful product development project
execution. The CMMI practices in this domain will be organized under the capability they are
intended to develop. These are described below in greater detail.
Capability: Project Planning and Management
CMMI
Level Process Area Goal(s) Practice(s)
2 PP - All - -All-
CMMI
Level Process Area Goal(s) Practice(s)
2 MA MA.SG1 -All-
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CMMI
Level Process Area Goal(s) Practice(s)
3 IPM - All - -All-
Discussion:
The prerequisite for successful project execution is project planning. Based on high level
project scope, a detailed Work Breakdown Structure (WBS) can be developed to capture the
body of work that must be completed to achieve project objectives. TheWBS is developed in light
of the standard product lifecycle process to be used and adjusted to include tailored use of the
process. The project thus instantiates a tailored usage of the standard organizational product
development process. The appropriate software development lifecycle model (SDLC) is selected
based on project characteristics. The WBS activities and tasks are then mapped to the selected
SDLC to arrive at their execution sequence throughout the project. The standard organizational
methodology for work estimation and historical project estimation data are used to establish
detailed estimates for project effort, schedule and cost. The assumptions made in developing
these project estimates are recorded so they can be validated with data or modified as needed.
Any known project risks are also documented and analyzed so they can be factored into the
planning process. Project resources and staffing needs for project execution based
on the
established estimates are identified.
The key measures that will be established to track project progress are identified along
with their measurement methods and frequency of data collection and reporting. Procedures for
how the collected project performance data will be analyzed to draw conclusions for decision
making are also defined. Organizational
measurement standards are leveraged to the extent
possible and tailored as necessary to fit the requirements of the individual project. The plans also
include how actual project performance data will be fed back into the standard organizational data
repository.
In any organization, projects do not happen in a vacuum. Thereby, it is imperative that
due diligence be taken to ensure the necessary alignment with overlapping or competing
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initiatives. Any charter conflicts between the project and other projects need to be negotiated and
resolved for a positive and complementary outcome for the different efforts involved. This may
lead to an adjustment in the project scope or even re-planning but is necessary to build the right
commitment in the organization for longer-term success of the project. The dependencies on
other projects or initiatives need to be coordinated and managed to resolve issues as they arise.
This comparative analysis can also help identify the right set of stakeholders whose commitment
may be needed to achieve project objectives. The stakeholder engagement plan must be
developed to ensure their continued commitment and support throughout the project.
Six Sigma Integration:
There are no Six Sigma tools or techniques that add unique value and hence warrant
being explicitly called out for this project capability.
Capability: Project Monitoring and Control
CMMI
Level Process Area Goal(s) Practice(s)
2 MA MA.SG2 -All-
CMMI
Level Process Area Goal(s) Practice(s)
2 PMC - All - -All-
CMMI
Level Process Area Goal(s) Practice(s)
4 QPM - All - -All-
Discussion:
As the project is executed against its established plan, actual progress must be
monitored against planned targets. Throughout the duration of the project, measurement data is
collected based on specified measures and procedures. The measurements data is analyzed and
reported according to established procedures and utilized to drive decision-making for the project.
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The assumptions and estimation factors used to develop the project plan are also monitored to
validate their accuracy. Where the true values of these estimation factors turn out to be at
variance with the values used for planning purposes, this information can be used to drive
appropriate adjustments to the project plan. When project plan adjustments become unavoidable,
the results and conclusions drawn from data analysis are used to drive decisions.
Project reviews may be conducted on a periodic basis or at key milestones during the
project lifecycle to monitor progress and evaluate performance against plans. Project reviews
also serve as a vehicle to reaffirm stakeholder commitment and support at key points in the
project. Any stakeholder concerns or issues identified at project reviews or throughout the project
duration are analyzed to develop corrective action plans for their resolution. The corrective action
plans for identified issues are implemented and resolution of the issue verified for closure.
Organizations with advanced measurement capability can apply quantitative methods to
manage their projects to achieve greater control in project execution. One of the prerequisites for
quantitative project management is the availability of historical performance and capability data
for the product development process. Project estimates are developed using historical
performance data that takes the organizational capability in executing the standard product
development process into account. Where the standard product development process is tailored
for project use, any historical data available for the impact of those tailoring adjustments is also
factored into the overall project estimates.
The historical process capability data allows the relevant sub-processes used by the
project to be statistically managed by means of the key process performance measures and the
statistical techniques selected for analysis. Statistical methods are used to understand causes of
variation in the observed process performance and corrective actions are identified to reduce
variation. As an example, effort estimates for the coding activity can be derived based on
historical process performance data for the coding process for a given functional and technology
domain. The progress of the coding effort as part of the project and the expected defect rates
could also be predicted based on past historical data. A simple control chart could be setup for a
progress measure such as lines of code or function points completed and actual project
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performance measured against historical capability. When frequent measurements are taken and
deficient performance is observed, the data can be analyzed to determine the causes for
variation. It may be possible to identify corrective actions to bring the performance back into
'control'
so it meets the established objectives of the project. When systemic problems are
encountered that lead to sub-optimal process performance, these often require separate process
improvement projects to be initiated for resolution. The process performance data from the
project is fed back into the organizational measurement repository so cumulative historical
performance data can be maintained.
Six Sigma Integration:
Statistical Process Control techniques can be used to quantitatively manage project
management processes. The use of SPC techniques within a project management context will be
illustrated in a later section on use of SPC in software development in general.
Capability: Risk Management
CMMI
Level Process Area Goal(s) Practice(s)
3 RSKM -All- -All-
Discussion:
Risk management is a core project capability that is applied throughout the project
duration. There may be various sources of risk in a project such as schedule pressure, new
technology, availability of required skill sets, or attrition. The project must be examined in light of
its scope and objectives to identify the key sources and categories of risk. A clear set of
parameters must be identified to prioritize and categorize risks. These parameters could consist
of factors such as the likelihood of the risk occurring or the severity of impact if it did occur. A risk
management strategy is established for the project that defines how and at what frequency risks
will be identified, analyzed and reported. Since risk management can be an involved exercise and
requires resources as well, often it is beneficial to establish priority for risk management activities
relative to the overall project to reduce resource conflicts. For instance, a project may decide to
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monitor and track its risks on a weekly basis with mitigation actions to be taken only for the top 1 0
risks.
Risks are identified and mitigation plans are monitored for progress throughout the
project at the agreed frequency. The identified risks are evaluated in light of the defined
parameters such as probability of occurrence to categorize them and establish their relative
priority. Based on the risk management strategy defined for the project, mitigation actions are
identified for all or highest priority subset of the risks. The identified risks are monitored
periodically and the defined mitigation plans are implemented when necessary to prevent any
adverse impact from risk occurrence. The implementation of risk mitigation actions is tracked to
completion to ensure the expected results have been achieved.
Six Sigma Integration:
Failure Modes and Effects Analysis (FMEA) can be used quite effectively as a project risk
management tool. The use of FMEA as a product technical risk management tool was illustrated
above as part of technical design verification activity. FMEA can also be used for project risk
management albeit with a slightly customized usage for this purpose. Instead of a product or
component functional task, each project risk is analyzed for its potential failure modes. It is more
instructive to operationally define the 'potential failure
mode'
as the different adverse results of
the risk occurrence. For each of these results of the risk occurrence, their effects on the project
are determined. This allows for cascade effects of risk occurrence to be identified and
characterized in detail. In some circumstances, it may be sufficient to simply list the potential
effects of risk where granular detail is not necessary. The risk is then characterized and evaluated
in light of its effects according to three parameters:
a Severity - Severity of the risk effect on a numeric scale if the risk were to occur in the
real world. The numeric scale is based on relevant operational definitions tied to each
scale number value.
? Probability - Probability of the risk occurring in actuality on a numeric scale. The
numeric scale is based on relevant operational definitions tied to each scale number
value.
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? Detectability - How detectable the risk effect is, on a numeric scale, if the risk was to
occur. The numeric scale is based on relevant operational definitions tied to each scale
number value.
The product of numeric values assigned to each of the above three parameters results in Risk
Priority Number (RPN) numerical values that can be used to prioritize the project risks. Once the
prioritized set of project risks is obtained, actions to mitigate the highest priority risks can be
identified and tracked to closure.
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Organization Foundational
Process and Project Support
These are practices that must be addressed by processes and tools at the organizational
level that constitute an infrastructural foundation for supporting process and project execution.
Individual projects or processes may leverage the organizational capability provided by these
practices as relevant to their specific needs. These practices are generally applicable across
many different processes and projects that instantiate some of those processes. Specific
activities within a process or a project may draw upon these practices. As an example, the CMMI
practices under 'Decision Analysis and Resolution1 were shown earlier to be relevant for several
activities within the product lifecycle process. The CMMI practices in this domain will be
organized under the respective CMMI Process Areas to reflect the capability they are intended to
develop when instituted within an organization. Appropriate points for integration with Six Sigma
will be highlighted where relevant. These are described below in greater detail.
Capability: Supplier Agreement Management
CMMI
Level Process Area Goal(s) Practice(s)
2 SAM - All - -All-
Discussion:
The practices covered within this CMMI Process Area are focused around developing the
infrastructure for acquisition of products or components from suppliers based on established
agreements. The capability provided by these practices is relevant for a wide variety of scenarios
and can be applied to a much broader extent than just the product development lifecycle. The
supplier could be the vendor that supplies raw materials for a product, finished components,
finished COTS products or a provider of services. In all of these instances, the same general set
of practices apply that can be tailored further to suit the needs of the specific situation. Once the
product or service acquisition needs are identified, suppliers are selected based on their ability to
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satisfy those needs. The suppliers and their product or service offerings are evaluated based on
established selection criteria for an objective and structured decision-making approach. It is
important to note that often there are other factors other than ability to meet requirements that
must be taken into account when selecting suppliers. These may include business risk factors
such as strategic alliances, supplier relationship with competitors, or long-term supplier viability.
Capability and risk analysis is therefore an integral part of the supplier selection process.
Formal contractual agreements are established with the selected supplier to enable
acquisition of the product or service being provided by the supplier. The supplier agreement also
includes criteria and procedures for accepting the product or service as part of its terms and
conditions. Finally, the supplier product or service is acquired by following the procedures
outlined in the approved supplier agreement and transitioned to the project or function within the
organization. Ongoing reviews or audits may be conducted to ensure the supplier product or
service continues to meet its requirements and acceptance criteria. Any corrective actions
identified may be highlighted to relevant stakeholders and tracked to completion.
Six Sigma Integration:
Pugh Matrix was introduced earlier as a versatile tool for qualitative evaluation of
alternatives against a set of established criteria. It was also shown how Pugh Matrix can be used
for make, buy or reuse analysis for a given product or component. Supplier selection is another
area where Pugh Matrix can be used to compare several potential suppliers against a list of
standard supplier selection criteria. The value of a tool like Pugh Matrix is in highlighting the
various trade-offs between the different supplier offerings and their ability to meet the standard
criteria. Often there is no one supplier that can fully meet the key criteria for a given product or
service acquisition. Many times there is some flexibility in the criteria itself to enable better fit
between the acquisition requirements and the supplier offering. Pugh Matrix can facilitate this
iterative process of requirements refinement and supplier selection to meet those requirements.
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Capability: Configuration Management
CMMI
Level Process Area Goal(s) Practice(s)
2 CM - All - -All-
Discussion:
The goal of this CMMI Process Area is to institute practices that will establish the
infrastructure for setting and maintaining the integrity of products, components and other key
organizational artifacts. Configuration Management objectives are usually achieved through the
implementation of a suitable COTS product to meet the needs of the organization. In the ideal
scenario, the organization would have an integrated configuration management system that
includes software code and other process artifacts in the form of documents. Often, enterprises
meet their configuration management needs through a combination of a software configuration
management system, Enterprise Resource Planning (ERP) suite and a knowledge management
system. While this approach can have its pitfalls, they can be overcome by establishing tight
linkages between the data in the different systems to maintain the integrity of the distributed
information.
It is imperative, however, to have a robust configuration management process around the
systems in order to achieve the desired results. Organizational standards and criteria must be
established to determine what items must be kept under configuration control. Once configuration
items are identified, their configuration baselines are established. All subsequent changes to the
configuration baseline are managed according to established criteria and procedures. This is
often done by establishing a project or organization level Change Control Board consisting of key
stakeholders that approves and prioritizes all changes to a given product or component. Change
requests and the corresponding configuration changes are tracked and records kept for audit
purposes. Periodic configuration audits are performed to ensure compliance with the established
configuration management standards and procedures within the organization. Any defects or
process escapes are highlighted to relevant stakeholders for corrective actions and preventive
measures targeted toward better performance.
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Six Sigma Integration:
There are no Six Sigma tools or techniques that add unique value and hence warrant
being explicitly called out for this organizational capability. Six Sigma process management
approach can be utilized for managing the organizational configuration management process.
This will be detailed in later sections.
Capability: Measurement and Analysis
CMMI
Level Process Area Goal(s) Practice(s)
2 MA - All - -All-
Discussion:
Most organization lack a measurement capability that can be consistently applied across
different functional areas or projects over time. The result is decision-making that is hampered by
the lack of baseline data to either quantify the problem or set achievable goals. Many
organizations do have metrics established to cater to their objectives and decision-making needs.
However, these measures have limited usage since they are relevant only within a narrowly
defined domain. In order to develop an organizational measurement capability, standard
measures and measurement procedures must be defined at the organizational level. As an
example, the operational definition of the product reliability measure and its measurement method
should be established as an organizational standard and not left up to each product development
team. Having standard measures that are applied across the organization enables performance
comparisons that can help identify areas of high performance. The best practices derived from
the high performance teams or functions can then be infused into the standard process to
improve overall organizational performance.
An organizational measurement repository should be established to store data collected
for the standard measures. The organizational measurement repository contains definitions of the
standard measures, as well as their measurement and analysis procedures. The raw data is
collected and stored according to standard procedures based on the particular measure and its
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usage. The established analysis procedures and methods are applied to the raw data and the
results stored in the measurement repository. The measurement results are reported to relevant
stakeholders at the agreed frequency.
The organizational measurement repository is part of the infrastructure foundation
needed for the higher-order process management activities. Standard measures are often
established to monitor performance of key processes. Process performance measures often
focus on measuring either the efficiency or effectiveness of the process. Measures of process
efficiency measure the quantity of resources in terms of time, money, people, materials or energy,
used in producing the process outputs. Process effectiveness measures capture the degree to
which the process outputs meet the needs of the customer. The two categories are often related
as more efficient processes can enable an organization to be more effective in satisfying
customer needs. The availability of historical performance data allows capability analysis to be
performed for individual processes to benchmark their performance. Where a given process does
not deliver its expected performance, process improvement activities can be initiated. Sometimes
it may be necessary to redesign the process by bringing in industry best practices when the
process is simply not capable of attaining the desired performance levels.
The right set of measures can often serve as leading indicators of potential problems or
trends, thus enabling proactive remedial steps to mitigate the problem before its scope and
breadth widens considerably. Historical performance trends can also be factored into project
estimation to predict future performance, bounded within a set of well-documented planning
assumptions.
Six Sigma Integration:
There is a wealth of Six Sigma best practices and guidance around the measurement
and analysis activities. These can be generally categorized under the following three headings:
Measurement Data Definition:
Data definition involves developing clear and unambiguous descriptions of the measures
and their measurement methods by establishing their agreed operational definitions. These
operational definitions serve as standards that can be followed while collecting and analyzing
111
data associated with the measures and are essential for ensuring measurement effectiveness
and accuracy. Good operational definitions provide practical guidance for the measurement
activity without leaving room for ambiguity or misinterpretation.
From a Six Sigma perspective, there are certain parameters that must be defined for the
two principal types of data measures - continuous and discrete. Continuous data measures
comprise of those variables that can be measured across a continuous scale that can be infinitely
divided. Examples of continuous data types include measures of time, money, size, weight,
temperature, or speed. Data definition for continuous measures must include applicable upper
and lower specification limits in addition to the targeted specification value. The specification
limits are needed to measure variability and to determine if the actual performance is within
acceptable bounds. In contrast, discrete data measures consist of those variables that are a
count or a category assignment. For instance, measures such as number of defects per unit,
working vs. failed units, countries with customer escalations, or number of verification defects, are
all discrete data measures. Discrete data definition must include the parameters of Unit, Defect
and Opportunity. The measure Unit is the definition of the entity that progresses through the
process, whether parts, forms, or information. Defect can be broadly defined as anything thai
leads to non-conformance of the Unit with respect to its specifications or customer requirements.
Opportunity is defined as the number of independent ways in which the Unit can be defective
based on what is important to the customer.
Measurement Data Collection:
Data collection entails executing the data collection plans to collect measurement data at
the established frequency. Since it is prohibitive and unnecessary to collect data all the time or for
every unit, an effective sampling strategy is developed. Sampling involves selecting a smaller
group to represent the whole for measurement such that statistically significant conclusions can
be drawn from the data.
Before full-scale measurements can be initiated, it is important to ensure that the
measurement system does not introduce too much variability into the observation data. The
measurement methods and procedures along with the gauges or instruments used for
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measurement together constitute the measurement system. Measurement System Analysis
(MSA) techniques can be used to determine the amount and nature of variability that directly
results from the measurement system. A robust measurement system must have the following
characteristics:
a Accuracy - The difference between the observed average and the true measurement
value is low, resulting in high accuracy.
? Repeatability - Repeat readings by the same observer on the same unit with the same
measurement gauge produce values with low variance.
? Reproducibility - Repeat readings by more than one observer on the same unit with the
same measurement gauge produce values with low variance.
? Stability - The difference in average readings from one time period to another time
period is low, leading to stability of the measurement system over time.
Q Linearity - The difference in the accuracy values throughout the expected operating
range for the measure is low.
Measurement system studies such as Gage or Attribute R&R (Repeatability and Reproducibility)
can be used to quantify measurement system variability. If unsatisfactory levels of measurement
system variability are observed, the measurement system can be modified or refined further to
make it more robust and the MSA repeated to verify the effectiveness of the changes. Sigma
tools such as Mistake-Proofing can be used to refine measurement methods to eliminate the
possibility for making mistakes.
Measurement Data Analysis:
Once the measurement raw data is available, it can be converted into the Defects Per
Million Opportunities (DPMO) metric. The DPMO values are in turn used to derive the Sigma
value for the measure. The Sigma value captures the baseline process performance with respect
to the particular measure in question. Process capability can also be computed as the designated
potential of the process to meet its specifications for the particular measure. A significant
difference between observed process performance and its capability would be grounds for further
investigation to determine if there were common causes of variation that could be eliminated
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through process improvement. In a more general sense, there are various statistical data analysis
methods and hypothesis testing techniques that are used in a Six Sigma environment. The
appropriate set of statistical analysis tools are selected by the practitioners based on the needs of
the situation at hand.
Capability: Process and Product QualityAssurance
CMMI
Level Process Area Goal(s) Practice(s)
2 PPQA - All - -All-
Discussion:
Quality assurance is an organizational capability that is instantiated by individual projects
to objectively evaluate work products and processes. Organizational capability for this area is
developed by establishing an independent quality assurance organization that is responsible for
conducting quality assurance activities for the work products or processes delivered by individual
projects. The selected work products are evaluated against their design definition as well as
adherence to standard organizational processes and policies before they can be fully deployed.
The results from quality assurance activities are analyzed to identify issues and defects. These
product or component defects and any noncompliance issues are documented and
communicated to management for appropriate action. Records are established and maintained
for data and results from quality assurance activities. Once the product is released into its
production environment, all subsequent changes to the product also pass through the quality
assurance checks to ensure overall integrity and quality of product delivery. Similarly, quality
assurance activities may also be conducted for new or redesigned processes as well as
subsequent process changes before they are implemented within the organization.
Six Sigma Integration:
There are no Six Sigma tools or techniques that add unique value and hence warrant
being explicitly called out for this organizational capability. Six Sigma process management
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approach can be utilized for managing the quality assurance process and activities. This will be
detailed in later sections.
Capability: Organizational Training
CMMI
Level Process Area Goal(s) Practice(s)
3 OT - All - -All-
Discussion:
In order to attain effective performance and productivity from its personnel and
management, an organization must develop a training capability. The training needs of the
organization fall into both strategic and tactical areas. Strategic training needs encompass the
skills and knowledge that will enable management and key personnel to work toward realizing the
strategic goals and future state vision for the organization. Tactical training is focused on
imparting the skills and expertise that enables personnel to perform their designated roles and
functions most effectively. Once the training needs are identified, it must be determined what
types of training will be delivered and by whom. More general and strategic training may be
delivered at the organizational level while more detailed and role-specific training may be
delivered by individual projects or functional groups. The organization may develop a training
capability internally or by partnering with an external organization that specializes in training
delivery. Training content development, positioning and identification of target audience is
followed by actual training delivery. The effectiveness of training delivery must be measured
through appropriate means and training records established for personnel who receive training.
The training content and approach is modified to reflect the changing needs of the organization.
Six Sigma Integration:
Six Sigma VOC techniques can be utilized for determining the training needs of the
organization. Definition of who the training recipient may be will reveal the groups or segments of
employees with different types of training needs. A representative sample amongst each of these
major groups can be targeted as the
'customer' to gather input for their training needs. The
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appropriate VOC gathering channels such as interviews, surveys, or focus groups can be used to
gather training requirements. The training approach and content that is developed to satisfy the
training requirements gathered through a VOC approach will have a far greater chance of
meeting the needs of the organization. The effectiveness of training delivery can also be
measured through a similar approach. The trainees could be asked to fill out training evaluations
or alternative means such as surveys or focus groups of trainees could be established for more
detailed input as needed. The feedback and improvement suggestions should be used to drive
further improvements and refinement into the organizational training programs.
Capability: Decision Analysis and Resolution
CMMI
Level Process Area Goal(s) Practice(s)
3 DAR - All - -All-
Discussion:
A structured decision analysis methodology is necessary for effective decision-making
within the organization. Guidelines and criteria must be established for when formal decision
evaluation process must be applied. A pertinent example of a scenario requiring a formal decision
analysis approach is acquisition of external vendor products or services. For a given issue, a
prioritized list of standard criteria is developed against which alternative solutions will be
evaluated. An appropriate evaluation method is selected and used to compare the solution
alternatives against the evaluation criteria. The evaluation method may comprise approaches
such as scoring on a numerical or qualitative scale, or ranked voting by stakeholders. Once
several feasible alternative solutions are identified, these are evaluated for their relative merits in
addressing the issue in light of the standard evaluation criteria. The most promising solution is
selected from amongst the alternatives based on the formal evaluation against standard criteria.
The main objective of the practices captured in this CMMI Process Area is to facilitate
transparent and structured decision-making when required. In setting guidelines for when formal
decision analysis is required, a simple yet effective approach can be to set some monetary
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threshold. Any issue involving potential cost or revenue impact above the defined monetary
threshold can be mandated to utilize a formal decision-making approach by organizational policy.
This can help ensure that the necessary due diligence and rigor has been applied for key
organizational decisions. Individual projects can define their own thresholds when key project
decisions must be made using formal evaluation of alternatives. For instance, a project can define
at the outset that any scenario when the projected variance between actual and planned project
effort or schedule estimate is greater than a set percentage, a formal decision analysis approach
will be used to develop the best course of action.
Overall, these decision analysis practices are part of the organizational standards for how
decisions are made. These standards must define who has decision-making authority and under
what circumstances. Decision-making for exception scenarios and escalation paths must also be
defined at the organizational level. Individual groups and projects within the organization define
their own guidelines and standards for granular decision-making within the overarching umbrella
of organizational standards.
Six Sigma Integration:
The Six Sigma tool called Pugh Matrix can be used for structured qualitative evaluation of
alternatives against a set of standard evaluation criteria. Pugh Matrix is a versatile tool and lends
itself to a wide variety of scenarios. The use of this tool in a couple of project instances has
already been described in detail above.
Capability: Causal Analysis and Resolution
CMMI
Level Process Area Goal(s) Practice(s)
5 CAR - All - - All -
Discussion:
When defects in product quality or process performance are encountered, these must be
resolved to address not just the immediate problem but also to prevent their occurrence in the
future. To implement an optimal solution, detailed causal analysis for the defect is often
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necessary as a prerequisite. Given that detailed causal analysis can often require commitment of
significant effort and resources, it may be necessary to limit this exercise to only the most critical
or highest priority defects based on organizational quality goals. Any available data pertaining to
the defect must be analyzed to develop hypotheses for potential causes of the defect. In some
scenarios, particularly relating to product defects, it may be necessary to collect additional data or
conduct experiments to reproduce the defect. Controlled experiments may need to be conducted
to validate or reject the root cause hypothesis to identify the set of validated root causes of the
defect. Understanding the defect root causes and failure mechanisms enables alternative
solutions to be developed to address the defect. The optimal solution can be selected for
implementation from amongst the alternatives through a structured decision analysis approach by
leveraging the organizational standards and methods for this area. While developing the solution
that will address the defect causes, it is imperative that actions to prevent the occurrence of the
defect in future also be identified. The preventive actions often are in the form of some process
improvements that will result in prevention or early detection of the defect. Causal analysis,
therefore, is an entry point and an enabler of continuous process improvement.
Implementation of the selected solution may be managed as a project in which case the
specific practices and activities defined within the project lifecycle dictate project execution.
Regardless of the mechanism of implementing the identified actions to address the defect
causes, the ability of these actions to address the defect must be validated. The defect resolution
data must be recorded and filed in the organizational measurement repository so it can be used
by other projects or functions within the organization.
Six Sigma Integration:
The use of Cause and Effect (Fishbone) Diagram and Pareto Analysis was described
earlier as tools that can be gainfully employed for causal analysis in a variety of scenarios. Pareto
Analysis can yield valuable data about defect distribution or principal failure mechanisms based
on how the tool is used. Cause and Effect (Fishbone) Diagram can be used to identify root cause
hypothesis that will need to be tested further to determine true root causes of the defect.
Controlled experiments often need to be conducted to validate root cause hypothesis. Design of
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Experiments and the statistical toolset used along with it can be used as a highly effective and
efficient methodology to determine true root causes from a set of potential candidates.
Process Management
These are practices that must be addressed by processes and tools at the organizational
level that constitute an infrastructure for process definition and management. Individual
processes may leverage the organizational capability provided by these practices as relevant to
their specific needs.
Capability: Organizational Process Definition
CMMI
Level Process Area Goal(s) Practice(s)
3 OPD - All - -All-
Discussion:
Processes capture how the work of an organization is carried out in a consistent manner.
Definitions of standard organizational processes must be stored and maintained in a common
repository that forms the organization's process asset library. Process definitions contain not just
a description of activities and procedures but also criteria and guidelines for tailoring the process
for specific needs of a project or function. Definitions of key process measures are also
established and maintained in the organizational measurement repository, along with actual
measurement data. Life-Cycle models describe how the relevant processes are executed in a
project context. In the product development context, especially for software products, the lifecycle
model selected can have a significant impact on the project outcome. It is important that the
approved lifecycle models as well as guidelines for when to apply them also be defined and
maintained as part of organizational process asset library.
Standard process definitions, process tailoring criteria and guidelines, standard process
performance measures definition, and recommended project lifecycle models together constitute
the 'process
infrastructure' for a process focused organization. The organizational process asset
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library must reflect the current state of its standard processes at any point in time. Configuration
management practices must be followed to ensure integrity of information across standard
process definitions, performance measures definitions, as well as tailoring criteria and guidelines.
Six Sigma Integration:
The DMAIC/DMADV methodology can be used to develop standard organization
processes based on the business needs and priorities of the organization. Where poor processes
or ad-hoc practices exist, these can be improved further by use of this methodology. In other
scenarios, changing business needs may dictate specific new processes to be defined to support
the business operations of the organization. The DMAIC/DMADV methodology will be detailed in
a later section below.
Capability: Organizational Process Focus
CMMI
Level Process Area Goal(s) Practice(s)
3 OPF -All- -All-
Discussion:
Process focused organizations not only define and establish the necessary process
infrastructure but are also committed to its ongoing evolution through introduction of relevant
improvements over time. This helps ensure that organizational processes adapt to changing
business needs and become more effective at meeting business goals and objectives. The
practices under this CMMI Process Area are aimed at establishing a basic organizational
capability to support the ongoing evolution and improvement of its process assets. At higher
Maturity Levels, more structure and methodology can be introduced behind the selection and
deployment of process improvements.
In order to assess the quality and performance effectiveness of its standard processes,
an organization must first establish some standards or criteria that must be met by each individual
process. These could be in the form of performance targets or process adoption levels as
measured from compliance audits. For instance, a standard requirement for all processes could
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be that there be a clear audit trail for all key decisions and approvals in the process. Actual
process performance must be assessed periodically to identify areas of weaknesses so they can
be addressed via improvements. Often different process performance results are observed for
different groups using the same process due to the variable process customization or tailoring
practices used. One mechanism to identify improvement opportunities is to determine what
practices result in the better performance observed in certain groups. Once these are identified,
these practices can be integrated into the standard process definition to improve overall process
performance. The identified process improvements are prioritized and included in the overall
organizational process improvement plans. The selected process improvements are deployed
based on their business payoff and ease of implementation. A continuous process improvement
cycle is established whereby experiences and learning from actual process performance are
incorporated into the organization's standard process assets.
Six Sigma Integration:
The Six Sigma DMAIC is a proven methodology for effectively selecting and deploying
process and product improvements. Since DMAIC can be used equally for both product and
process improvements, it rightly belongs under the organizational capability defined by the
Organizational Innovation and Deployment (OID) Process Area and is described in that section
below. This is also pertinent as the practices under Organizational Process Focus are
superseded by the more sophisticated practices in the Organizational Innovation and Deployment
Process Area as the organization climbs up the maturity ladder. Given the DMAIC methodology
provides detailed guidance on how to implement improvements efforts, it can also be utilized by
low-maturity organizations. The results and the degree of effectiveness in project execution will
correspond with the maturity profile of the organization, as can be expected.
Capability: Organizational Process Performance
CMMI
Level Process Area Goal(s) Practice(s)
4 OPP - All - -All-
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Discussion:
If standard processes define how an organization does its work, then measures of
process performance capture how effective the organization is in doing that work. A carefully
selected set of performance measures can provide valuable insights into organizational process
performance and help in identifying areas of weaknesses before they become problematic.
Process performance measures should help determine both the effectiveness of a process in
meetings its stated business objectives and efficiency of its execution.
Mature organizations that develop or redesign their standard processes using DMAIC or
similar methodologies would already have key process performance measures in place as part of
the process Control Plan. In reality, even organizations that have formal process improvement
programs like CMMI or Six Sigma seldom start with a clean slate with respect to their process
assets. Areas where ad-hoc practices prevail but there is a clear business need and justification
for a formal process should be addressed via new process design projects using the DFSS
methodology. These new processes would have clear quality and process performance
objectives as well as key measures to assess actual process performance against those. Any
existing processes selected for improvement using the DMAIC methodology would also have well
defined process performance objectives and key measures. All other existing organizational
standard processes should be analyzed and key performance objectives and measures
established for those to bring them under the purview of organizational process management
activities. Having performance objectives and key performance measures for all standard process
assets enables an organization to establish process performance baselines. These process
performance baselines allow performance forecast models to be developed and actual
performance measured against those targets to proactively address any performance issues as
they arise. Additionally, process performance baselines constitute the foundation needed for
achieving statistical process control for the selected standard processes. Once this prerequisite is
fulfilled, higher order process management activities enable continuous process improvement
and innovation supported by actual performance data.
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Six Sigma Integration:
The Control Plan is an excellent Six Sigma tool that can be used for establishing process
performance targets, key measures and baseline performance data (Figure 24). The use of the
Control Plan in a product lifecycle context was described in detail in the previous sections. The
CTQ requirements for a given process capture the key business objectives and requirements that
must be met by the process for it to be effective. The key measures defined for the set of CTQ
requirements through a tool like QFD are aimed at establishing how success will be measured.
The specification targets for the measure define the range of acceptable performance from the
viewpoint of the process customers. Baseline data for the measures can be captured in the
Control Plan based on process performance observed as part of the ongoing measurements
carried out at the established frequency. Trend analysis of actual process performance against
the baseline performance data can be carried out to determine process stability and any
performance problems that warrant detailed investigation. Control Plan can thus act as a
valuable process management tool for the standard processes of the organization.
In addition to the Control Plan, there are a host of SPC techniques that can be employed
by an organization for its process management activities. The use of relevant SPC techniques in
the software domain will be described in a separate section below.
Capability: Organizational Innovation and Deployment
CMMI
Level Process Area Goal(s) Practice(s)
5 OID - All - -All-
Discussion:
Effective standard processes and the right technology infrastructure are the
underpinnings of organizational performance. Competitive advantage is achieved by not just
bringing in improvements but also innovative practices and technology solutions that will help the
organization take its performance to the next level. Even having key processes under statistical
process control is simply a means of keeping process performance from degrading and bringing
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in incremental improvements over time. When something more than just incremental
improvements is needed, it requires creative out-of-the-box thinking to develop innovative
solutions. Once incremental or innovative solution ideas are developed, these must be analyzed
in a structured fashion to select the candidates that are best positioned to meet the business and
performance objectives of the organization. The improvement candidates are further screened for
feasibility and ability to achieve expected results by carrying out small-scale pilot deployments.
The pilot implementation acts as a risk mitigation exercise that can bring out any unforeseen
problems so they can be addressed prior to full deployment. The selected improvements are fully
developed and deployed across the organization. Once deployed, the effects of the improvement
are measured and any remedial actions taken or further improvements initiated to attain desired
performance.
Six Sigma Integration:
Six Sigma has often been criticized for being an improvements-focused framework and
hence unsuitable for true product or process innovation. Innovation is often a thought-driven
process that involves challenging assumptions and finding new solutions to problems,
irrespective of the current set of constraints. The data and information made available by the Six
Sigma process management infrastructure as well as VOC techniques can act as invaluable
inputs into the innovation process. The improvement ideas can be selected using a Pugh Matrix
where the ideas are evaluated against the standard criteria of business objectives and constraints
such as availability of resources, timeline or current business model. The selected improvement
ideas will need to be developed into detailed solution proposals and piloted for their effectiveness
before they can be fully deployed across the organization. The Six Sigma DMAIC methodology
offers a structured approach for developing and implementing process or product improvements.
It should be noted that purely technology improvements should be construed as product
improvements under the DMAIC methodology. Regardless, the same DMAIC methodology is
equally effective for both. The DMAIC methodology can also be applied for organizational
improvement projects that involve integrated process and technology improvements, a good
example being information Technology projects. As has been pointed out earlier, there is little
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difference other than the focus on improvements versus new design between DMAIC and DFSS
[46]. DFSS is used where new design or redesign of a product or process is involved. Lastly, it
should also be pointed out that DFSS integrated into the product lifecycle process that was
presented earlier is also suitable for Information Technology (IT) organizations. The key
difference is the greater emphasis in IT projects on cross-dependencies with other IT business
systems within the organization. The DMAIC methodology with its various phases and key
activities within each of them is presented below.
125
Six Sigma DMAIC Methodology
Define Phase
Activity: Define Project Charter
A Six Sigma project is initiated by developing a Project Charter that defines the overall
context, scope and plans for a product or process improvement effort. The Project Charter
captures the problem statement that describes the defect, gap or opportunity the project would
attempt to address. The scope of the project is defined to put boundaries around the focus of the
project. The definition of project scope allows identification of project stakeholders who must be
engaged throughout the project. High-level goals and objectives for the project are also defined at
this stage along with the business case justification for doing the project. The set of project goals
may in turn dictate the development of a high-level project roadmap. Any known constraints, risks
or assumptions known at the initiation of the project can also be captured in the Project Charter.
These are either addressed, dismissed or refined after being validated at later stages of the
project. The Project Charter is dynamic in nature and may evolve as the project progresses and
more details and data is available.
Activity: Identify Customer Needs
The customer of the product or process outputs is identified based on problem and scope
definition. Customer expectations and requirements for the product or service are determined
through VOC (Voice Of the Customer) data collection effort by utilizing the appropriate channels
such as surveys, interviews, or feedback data. Once VOC data is gathered, use of Sigma tools
such as Affinity Analysis or Translation Matrix allows Customer Needs to be determined. These
Customer Needs form the set of requirements that must be addressed by the improved product or
service in order to satisfy customers.
Activity: Identify Process or Product for Improvement
While the initial problem statement defined as part of the Project Charter may capture a
high-level definition of the problem, often the particular product or process to be improved may
not be known at that stage. For example, the problem may be a surge in service calls leading to
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increased cost. It may not be known whether the problem is due to the recently released product
or some other underlying cause. The VOC data and customer needs determined from those can
often help identify the process or product that should be the focus of the improvement effort.
Toward the end of the Define Phase, it must be clearly known what process or product is to be
improved or redesigned to satisfy the customer needs.
Measure Phase
Activity: Select Critical Measures (CTQ requirements)
Once Customer Needs have been determined, a set of critical to quality (CTQ)
performance measures is developed that will act as indicators of customer needs satisfaction.
The measurement methods as well as performance targets are set for these CTQ requirements
based on VOC data and customer requirements. The key CTQ requirements that have the
strongest contribution toward customer needs satisfaction are selected for driving the solution
design for product or process improvement. Sigma tools such as House of Quality or QFD can be
effectively used to achieve this translation of customer needs into CTQ requirements.
Activity: Validate Measurement System
The CTQ measures and operational procedures for their measurement constitute a
measurement system. Before the potential solution can be developed and piloted for its
effectiveness in meeting customer needs, it is imperative that the measurement system itself be
validated to be robust. The goal of measurement system analysis is to quantify and then reduce
the degree of variability in performance data for the product or process due to the measurement
system itself. For instance, the measurement system must be accurate, stable over time,
repeatable across time and reproducible across various valid use scenarios. There are a host of
Six Sigma techniques that can be employed for measurement system analysis such as Gage and
Attribute R & R (Repeatability and Reproducibility). Based on the results from measurement
system analysis, appropriate modifications or refinement are made to the data collection methods
and procedures.
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Activity: Establish Performance Baselines
Baseline data is collected for CTQ measures based on the established measurement
system for the current product or process. This allows a performance baseline to be established
for the CTQ measures against which the effectiveness of the improvement effort can be
measured. It is possible to ascertain a baseline Sigma value for each CTQ measure for the
product or service. As an example, if the problem was poor system response time, then CTQ
could be defined for how system response time would be measured. Once the measurement
method was validated for its robustness, then data could be collected on the current system to
determine how its response time compared against customer expectations. This information
would allow a baseline Sigma value to be determined for system response time.
Analyze Phase
Activity: Determine Key Inputs (Root Causes)
Customer requirements dictate the target performance for the product or service and
performance baseline captures the current state. The next step is to determine the key inputs or
factors that contribute toward the current performance output. Knowing these root causes will
enable identification of actions to manipulate these factors so the targeted performance levels
can be achieved. Sigma tools used for structured causal analysis such as Cause and Effect
Diagram or Pareto Analysis can be used to identify potential root causes. Further validation
through hypothesis testing is required to validate and select the set of true root causes.
Activity: Quantify Input/Output Relationship
Once a validated set of root causes for the problem or defect are known, the next step is
to determine how each of these root causes affects the performance output for the product or
service. Statistical data analysis tools can be used to help quantify the contribution of these root
causes toward the performance output. Design of Experiments is often used at this stage to run
controlled experiments to establish the relationship between key inputs (root causes) and the
performance output. This information helps to determine a transfer function that captures the
relationship between key inputs and the output. As an example, root cause and data analysis
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may reveal that a few software tuning parameter settings have the largest contribution toward
system response time. Design of Experiments could be used to determine the relationship
between these software tuning parameters and system response time.
Improve Phase
Activity: Select Best Improvement Concept
Knowing the validated root causes for a defect and their contribution toward the
performance output allows solution concepts to be developed for addressing the root causes.
Various viable solution concept alternatives are developed and the most promising concept
selected for implementation. Sigma tools such as Pugh Matrix can be used for structured decision
analysis while selecting from amongst the concept alternatives.
Activity: Develop Detailed Solution
The selected solution concept is elaborated to develop the detailed improvement
solution. The design specifications derived from customer needs must be addressed by the
detailed solution. Use of the QFD is one of the most effective ways of ensuring that customer
needs flow down to design specifications and conversely, that design specifications can be traced
back to customer requirements. When possible, the improvement solution is tested internally to
validate its functionality and ensure stability before piloting in the customer environment.
Activity: Determine Optimal Solution
The improvement solution often must be optimized to attain the best possible
performance and achieve the required performance targets. Solution optimization usually entails
determining the right settings for key parameters or attributes that will result in optimum
performance output. Design of Experiments is utilized at this stage to run controlled experiments
to determine parameter settings for optimal solution performance. In addition, FMEA can be used
to determine the solution failure modes and mitigate their impact or refine the design to eliminate
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them. Techniques such as Mistake Proofing can also be used in conjunction with FMEA to carry
out improvement solution design refinements.
Activity: Pilot Solution
A limited scale pilot implementation of the improvement solution for the product or
process is done to verify its effectiveness and assess its impact. The key objective of the piloting
exercise is to ensure that the improved product or process performs as expected in its intended
use environment and does not lead to any unintended consequences. Piloting can help expose
any risks associated with scaling the solution so they can be mitigated before full deployment of
the product or process.
Control Phase
__
Activity: Develop Control Plan
Concurrent with the full-scale deployment of the improved product or process, a Control
Plan is developed for ongoing measurements that will act as indicators of key customer needs
and business goals satisfaction. The Control Plan establishes performance boundaries for the
product or process that are indicative of expected operations. Data is collected on an ongoing
basis to ensure performance within these boundaries. These performance boundaries can also
serve as triggers for continuous improvement when actual product or process data indicates
performance as being out of these boundaries on a persistent basis. Automated triggers and
corrective response actions can be defined for a proactive approach to product or process
management.
Activity: Transfer Solution to Owner
With the Control Plan defined and approved, the responsibility for ongoing management
of the process or product is passed onto its owner within the organization. The Control Plan
serves as the foundation for ongoing process or product management. If the performance does
not meet its targeted Sigma level or starts to deteriorate over time, the business owner
responsible for managing the process or product may undertake additional improvement efforts.
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This will result in an updated Control Plan being developed for the improved process or product in
going through the DMAIC cycle.
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Statistical Process Control in Software Processes
Implicit in the practices at CMMI Maturity Level 4 is the ability of an organization to
achieve statistical process control (SPC) for its key standard processes. Even historically,
process management by monitoring process performance through key performance measures
has always been positioned as a benefit for high-maturity organizations within the different CMM
models. The increasing use and the resulting benefits derived from deploying Six-Sigma for
service processes has encouraged software organizations to venture into utilizing SPC
techniques to manage their software development processes [47]. SPC entails analyzing the
measurements data collected for process performance and process outputs using statistical
techniques such as control charts. The objective of SPC is to understand process performance
and quantify process variation due to common or special causes. Knowing current process
capability, along with validation of its stability allows future process performance to be predicted
within certain statistical confidence intervals [48]. A stable process is by definition repeatable and
furthermore, predictability of process performance can be achieved through SPC-based process
management techniques. Thus, SPC is instrumental to achieving the CMMI Maturity Level 4 goal
of quantitatively managed processes that exhibit repeatable and predictable performance. In this
way SPC is also a prerequisite for the continuous improvement achieved at CMMI Maturity Level
5 by eliminating special causes of process variation and introducing innovations.
Control charts act as the "voice of the
process"
and are thus used as the most common
SPC technique for assessing the stability of the process. Since the process effectiveness
measures for the software development processes mostly tend to be in terms of number of
defects discovered, only control charts relevant for attribute data can be utilized effectively.
Specifically, XmR and U control charts have been utilized successfully in the software
development domain [49]. To measure the effectiveness of various software development sub-
processes, defect data is collected through peer reviews, inspections or testing activity. The data
collected could be in the form of total defect counts per unit where the unit could be software
functions, components, or modules as appropriate. This approach works only when the units
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being measured, whether modules or components, are all largely equivalent in size. Alternatively
defect rate or density derived by dividing the total defect count by KLOC or function-points per
software component or module, constitutes a better measure for comparison purposes [50]. As
the defects are discovered, it is important to analyze them rigorously to find the root cause so a
complete fix can be put in place and any process improvements also identified. Since defects can
be introduced into the software development process at various points, defect root cause analysis
should also determine where the defect was injected into the process [51]. Defect analysis done
in this fashion can reveal trends that implicate particular areas of the software development
process for injecting a large percent of the defects discovered. For instance, defects discovered
in design peer reviews or inspections could be traced back to requirements analysis. In this
scenario, further analysis may be necessary to determine why requirements analysis introduced
defects into the process and how current practices could be improved to prevent this from
happening. Knowing where defects are injected into the process and where they are eventually
discovered and removed can be extremely valuable information for assessing the effectiveness of
various verification and validation activities. If a defect is discovered during unit testing and root
cause analysis reveals that it was injected at the design definition stage, this may represent a
failure of the design review and code review sub-processes. In this way, detailed defect analysis
can be instrumental in enabling continuous improvement.
Once an appropriate defect-based performance measure for a software sub-process is
developed, actual measurement data can be plotted and analyzed by means of a control chart.
For a given process performance measure, the statistical control limits are determined as being
three standard deviations on either side of the mean value of the actual measurements data
(Figure 27). The distribution of measurements data with respect to its control limits is analyzed to
determine if the process is stable and within statistical control. Measurement values outside of the
control limits indicate a situation where a special cause can be assigned for out-of-control
performance. Even when all data points are within the control limits, it is possible for the process
to be unstable. There are distinct data patterns that are indicative of an unstable process or out-
of-control situations where a special cause may be indicated. These are as follows [47]:
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? One or more data points fall outside of the 3-sigma upper and lower control limits.
a Fifteen consecutive data points in zone C, above or below the mean.
a Two of three consecutive data points on same side of the mean in zone A or beyond.
a Four out of five consecutive data points on same side of the mean in zone B or beyond.
a Seven consecutive data points increasing or decreasing in value.
? Eight consecutive data points on same side of the mean.
a Fourteen consecutive data points alternating up and down.
UCL=13.44
2 5=10 96
15=8.52
U =6.06
15=3.60
25=1 13
LC 1=0.0
10 11 12 13 1-1 15 16
Figure 27: Control limits and different regions of a control chart
Based on the type of variation observed, the above indicators of special cause variation
can be utilized to further analyze the root cause of process performance deterioration. In some
scenarios it is also possible for the observed process performance to shift in a desirable direction.
In such cases it is important to identify what caused the shift so those practices can be preserved
and incorporated into the standard process.
As has been mentioned above, SPC can be effectively utilized for various key activities or
sub-processes of the software lifecycle process. The generic software product lifecycle process
introduced earlier will be used as the reference point to illustrate how SPC can be utilized for
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software development. Each of the key software development process activities must pass
through either a verification exercise by means of peer reviews or inspections, or a validation
exercise involving a testing effort (Figure 28). The verification or validation serve as quality
checkpoints for the effectiveness of the activities preceding it. Defect discovery and analysis
reveals where the defects are being injected into the overall software development process. The
key product lifecycle activities and how SPC can be used to control their performance will be
briefly described below:
a Product Requirements - Verification: The quality checkpoint for product requirements
definition sub-process is generally in the form of peer reviews. The reviews would be
focused around ensuring that the requirements defined for the software product can be
traced back to the VOC collected through the relevant channels. Any instance where the
defined product requirements either deviate or fail to address critical identified customer
needs would be construed as a defect. Often this can be done by engaging a customer
focus group to verify that product requirements adequately capture and reflect their
needs expressed through VOC comments. For organizations that have a functional group
that always gathers VOC and translates them into product requirements, it may be useful
for them to assess the effectiveness of this requirements definition process on an
ongoing basis. Additionally, there may be other sources of product requirements besides
the customers, as has been noted before. A measure of requirements
'fitness'
can be
used for these situations where any product requirements that are not necessary and
sufficient, or inaccurate, would be considered as defective. For comparison purposes,
defect rate is a better measure where it could be defined as defects per page when
requirements documents are reviewed or percent defective requirements out of the total.
Based on the type of data measure selected, a control chart can be selected to
statistically control and manage the requirements definition sub-process.
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VER - Product Requirements
VER - Concept Definition
VER - Component development
VAL Component Testing
Concept Design Develop Test Deploy Sustain
VER - Product Architecture
VER -Technical Design
VAL -Integrated Product
Testing
VAL -Customer Pilot
Figure 28: Quality checkpoints for keyproduct lifecycle activities
? Concept Definition - Verification: Concept verification is done by means of peer
reviews which focus on evaluating how effectively the product requirements are realized
by the product concept. Any instance where the product requirements intended to be
realized by the concept are only partially or not incorporated at all, constitutes a defect.
The measure to be used for control chart purposes could be the defect density or rate
derived as number of defects per page of documents reviewed.
? Product Architecture - Verification: Integrated product architecture verification can be
done as peer reviews or through a more formal inspection approach [39,40,41].
Integrated product architecture is intended to serve as a foundation for implementation of
the selected product concept within the applicable architectural constraints of technology,
standards, organizational policies, etc. Failure to support product concept implementation
and violation of architectural constraints would constitute a defect. Once again, the
measure to be used for control chart purposes could be the defect density or rate derived
as number of defects per page of documents reviewed. Defects discovered through
product architecture verification activity should be analyzed to determine where they were
injected. An upstream defect injection point may indicate a failure of the product
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requirements or concept verification activity to catch the defect, based on the particulars
of the defect.
? Technical Design - Verification: Design reviews done as peer reviews or formal
inspections serve as quality checkpoints for ensuring that a robust, error-free design is
handed over to the implementation stage. A failure to specify the detailed technical
implementation of the selected product concept within the context supplied by the
integrated product architecture constitutes a defect. Given that design specifications are
reviewed as part of this verification activity, the defect density or rate is derived as
number of defects per page of documents reviewed. The design can be refined to fix the
defects identified through the reviews process and the revised design artifacts reviewed
again. The new measurements data can show whether the defect density has been
brought down to an acceptable level. Defect density data segregated by sub-system or
module can also highlight where design refinement efforts should be directed. Analysis of
defects should be carried out to determine whether the discovered design defects could
have been discovered earlier based on their injection point.
? Component Development - Verification: Software code developed for all the system
components is verified by means of code reviews. Code reviews are done as peer
reviews or formal inspections based on considerations of potential risk and cost. Defects
are characterized as any failure to implement the functionality defined by the design
specifications. Defect density or rate is derived as number of defects per KLOC or
function-points as applicable. Just as for technical design, the code defect data
segregated by component can be used to focus refinement efforts on the
'outlier'
components. Code refinement and second review can help bring the
'outliers' back within
control to be consistent with the rest of the components.
a Component Testing - Validation: Component testing, generally done as unit testing, is
the first opportunity to validate if the software code unit functions as expected. Failure to
perform the expected functions that are encapsulated within the software code unit
constitutes a defect. For SPC purposes, defect density or rate can be derived as total
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number of defects found in a unit per KLOC or function-point. A control chart of defect
density per code unit for a given module or at the system level can help determine if the
coding process performance is within statistical control and stable over time. It is
imperative that defects discovered during validation testing be evaluated to determine if
they could have been discovered earlier through verification activity. This root cause
analysis can help improve the verification process to be more effective at uncovering
defects earlier in the software development process when they are less expensive to fix.
Q Integrated Product Testing - Validation: Integrated product testing validates whether
the different product components interact and work with each other to provide the full
system functionality as expected. Defects result when the component interfaces or
interactions with other related components do not behave as expected. Defect density is
again calculated as number of defects per KLOC or function-points segregated by sub
system or module. A control chart for such a measure helps assess the effectiveness of
the product integration process and by implication, the preceding software lifecycle
activities from which defects may have escaped to this stage. Once again, rigorous
defect analysis is necessary to ensure defect escapes from earlier verification or
validation steps can be prevented by introducing the necessary process improvements
for those areas.
? Customer Pilot - Validation: Customer pilots are done to validate the ability of the
integrated software product to function as expected in the customer environment. Any
failure to do so constitutes a defect that must be addressed when its impact is deemed as
being critical. Customer pilots are a risk mitigation exercise that is intended to expose any
early-life system failures so they can be resolved before full-scale deployment. The
process performance of the customer pilot sub-process can be measured and assessed
through control charts in much the same way as is done for integrated product testing. A
feedback improvement loop into the preceding validation and verification sub-processes
in the software development process is enabled to ensure that in most instances, defects
discovered during customer pilots could not have been discovered earlier.
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Besides specific activities or sub-processes of the software development process, there are
other practices where SPC can be applied with beneficial results. These include organizational
standard practices for areas such as configuration management, project estimation or project
planning. A couple of these key areas are highlighted below:
a Project Estimation: Accurate project effort estimation is a necessary prerequisite for
successful project execution. Organizations that have achieved CMMI Maturity Level 3
will have a standard organizational methodology for carrying out project effort estimation
based on historical data. Regardless of what the estimation methodology is, it is
imperative that the estimation process be stable and predictable within set accuracy
limits. In order to apply SPC to control its software estimation process, an organization
needs to track the degree of variance between estimates and actuals. This is done by
tracking effort percent variance between project estimates and actuals on an appropriate
control chart. When upper or lower specification limits are set for percent variance
between actual and estimates, then breaching those limits will constitute a defect from
the perspective of the customer. The
'customer'
who provides these specification limits
may be management. For instance, an organization may establish a standard that no
more than +/- 1 5 percent variance between effort estimates and actuals is acceptable.
This may mean that no further root cause analysis or action is necessary when variance
falls within this range and does not exhibit any of the out-of-control indicators pointed out
earlier. It should be noted that setting arbitrary specification limits will not add much value
when the process is not stable over time. It is a better strategy to collect data to verify
process stability and determine its capability before setting targets in the form of upper
and lower specification limits. Analysis of the observed data can be carried out to
determine root cause of projects with large degree of variance so continuous refinements
can be made to the estimation model. In particular, the assumptions made in estimating
should be assessed in these cases to determine if they were valid. On the other hand,
projects or groups that consistently achieve better than average percent variance
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between their estimates and actuals should be analyzed to identify their best practices so
they can be institutionalized more widely. In this way SPC techniques can be used for
continuous improvement and refinement of the standard estimation methodology within
the organization. An estimation methodology that results in a small percent variance
between effort estimates and actuals in turn contributes in a big way toward attaining
highly predictable and repeatable project performance.
? Project Planning and Management: Project planning takes the effort estimates and
available resources as inputs to establish a detailed implementation plan for the project.
The overall project effort is divided into activities with resources allocated to these
activities. The effort estimate allocation for a given activity compared against the actual
effort expended in completing that activity acts as an indicator of planning effectiveness.
This is because the schedule for a given activity can always be adjusted in light of
resource allocation toward that activity even as the estimated effort still remains constant.
In addition, the variance between estimated and actual effort for a given activity is also a
measure of project management effectiveness. Thus, a control chart that captures
percent variance between estimated and actual effort for key project activities or phases
can be used to assess the performance of project planning and management processes.
If process stability is achieved over time, historical process capability can allow for
greater predictability of project delivery. Trend analysis of data, especially information
obtained through project post-mortems can be immensely valuable in identifying
improvement opportunities.
As has been described above, there are many different areas within the software development
process that can be effectively managed using SPC techniques. However, it is important to limit
SPC activities to the most critical processes for cost-effectiveness. Measurement entails
expenditure of significant effort and ongoing commitment if problem areas are to be continuously
identified and addressed through improvements. Wisely applied, SPC can add immense value in
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enabling software development to be managed as more of a science - much like other
engineering disciplines.
141
Organization Process Model - How it all connects together?
As described earlier, a simple organization process model was used to achieve detailed
integration between CMMI and Six Sigma. In the preceding sections, the CMMI practices across
all Process Areas were mapped onto this organization process model to illustrate how these may
be implemented in reality. It was also shown where Six Sigma can add unique value through the
introduction of relevant techniques and tools that serve to provide detailed guidance and
execution methodology for these practices or activities. Subsequent to the detailed elaboration
that has already been presented, the relationship between each of the categories of this
organization process model will be developed in this section [32].
The relationships between the different elements of the organization process model are
illustrated in Figure 29 as follows:
1 - The organizational capability provided by the practices under Process & Project Support act
as the infrastructural foundation for execution of projects. The organization-level infrastructure
provided by these practices is essential for the effective execution of the product lifecycle process
and projects within it. Organizational capability for configuration management is utilized by
projects to keep projects outputs and artifacts under configuration control. Organizational
measurement and analysis capability is leveraged to manage project delivery through a data-
based structured decision making approach. Defects or sub-optimal performance is root caused
by means of organizational causal analysis capability and addressed through remedial actions.
Any supplier relationships are managed through the supplier agreements and practices
established by the organization. Any training needs for the product or process changes being
introduced by the project are addressed through the organizational infrastructure for training.
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Figure 29: Relationship between different elements of the Organization Process Model
2 - Some of the organizational capability provided by practices under Process and Project
Support is also leveraged in turn by Project Management practices. In particular, the
organizational capability and infrastructure for measurement and analysis is leveraged within a
project context to develop a measurement system for managing project performance.
3 - Project Management practices are relevant within a project context and are targeted toward
providing an effective foundation for managing the execution of projects. Project planning
practices are targeted toward developing a project capability to plan project delivery and
performance management. Project planning also includes definition of a strategy for integrating
and managing outputs from different project teams throughout the project duration. Project
Monitoring and Control practices provide the capability to manage project performance based on
keymeasures of progress. Higher-order project management practices involve managing project
performance by means of statistical process control of key processes instantiated by the project.
Risk Management practices contribute to project success through proactive identification and
mitigation of project risks.
143
4 - Organizational capability provided by Process & Project Support also serves as the
infrastructure foundation for process management. Causal Analysis and Resolution practices can
provide data and insights that reveal root causes for defects and sub-par performance, thus
identifying potential process improvement candidates. Structured decision-making capability
provided by Decision Analysis and Resolution practices is needed to select the process
improvements that will be best placed to meet business objectives and align with organizational
priorities. The quality and robustness of the improvement solution must be verified by means of a
pilot implementation as an instantiation of organizational Process and Product Quality Assurance
practices. Key measures are instituted and used to manage process performance once fully
implemented. All changes to standard organizational processes are managed through the
established Configuration Management practices and infrastructure. All of these practices act as
a prerequisite for process management at the organizational level.
5 - Process Management practices are instantiated within the project context. A project
instantiates standard organizational processes that have been defined and are managed within
the purview of the organization-level process management activities. A project positions its
outputs - whether product or process - to be quantitatively managed through key performance
measures by leveraging organizational practices for Organizational Process Performance. From
an overall product or process lifecycle perspective, defects are resolved and improvements are
introduced through Organizational Innovation and Deployment.
6 - A project feeds performance data for the standard processes it instantiates back to the
organizational process management activities for defect resolution or introduction of process
improvements where necessary.
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Implementing the Integrated CMMI-Six Sigma Framework
The organization process model presented here was aimed at demonstrating how an
integrated CMMI-Six Sigma framework could be implemented within an organization, especially
within a software product development context. It is possible for an organization to implemented
this integrated CMMI-Six Sigma framework in both the Staged and Continuous approach, much
as CMMI by itself. For an organization following the Staged implementation, its process capability
profile at various Maturity Levels will be detailed below.
Maturity Level 2:
At this Maturity Level, the product lifecycle practices are fairly ad-hoc with no standard
process. CMMI inserts some discipline for managing project scope through requirements
management practices (Figure 30). While projects are unlikely to define Design Scorecard and
Control Plan for their product outputs, they must leverage organizational measurement and
analysis capability to measure success of product delivery and maintenance. Projects should
utilize the organizational quality assurance standards and methods for ensuring quality of
component and integrated product delivery. The organization establishes capability for planning
its projects and managing project performance by means of key measures defined by the project.
Projects are monitored and controlled by means of measuring actual performance against these
measures and taking remedial actions when necessary.
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Figure 30: Organization Process Model profile of an organization at CMMI Maturity Level2
The organization also establishes some basic process infrastructure for supporting
configuration management, performing measurement and analysis, quality assurance, and
managing supplier agreements. Investment in appropriate tools to support organizational
capability in these areas is explored.
Maturity Level 3:
Maturity Level 3 is characterized by an organization having instituted standard processes
and thus attaining repeatable performance. Consequently, CMMI injects greater rigor in various
product lifecycle activities through specific practices (Figure 31). These practices are aimed
primarily toward ensuring effective project execution. It is important to note that there are no
practices that govern the handoff from the project to the sustain phase of the product lifecycle.
This is in line with the organization not having attained the capability for quantitative management
of its processes and products.
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Figure 31: Organization Process Model profile of an organization at CMMI Maturity Level 3
An additional element of proactive project management is introduced through risk
management to prevent defects as opposed to addressing them once they occur. A higher-level
integrated project management capability is attained by the organization for managing the outputs
of complex projects comprising of multiple independent teams. Organizational capability and
infrastructure for training and formal decision analysis is established to support the needs of
projects. The necessary foundation for process management is laid by ensuring standard
organizational processes have been defined. These standard organizational processes are
periodically assessed in light of their actual performance to identify areas of further
improvements.
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Maturity Level 4:
An organization at CMMI Maturity Level 3 is able to quantitatively manage its process
and project performance (Figure 32) through statistical process management techniques.
Projects establish key measures of successful delivery of their work-products and proactively
address defects and sub-par performance to meet their objectives. The continued ability of the
product to meet its customer and business needs is measured and its performance monitored
through key measures developed as part of the Control Plan. Project performance is also
quantitatively managed through key metrics established at project outset and in light of capability
data for processes that are utilized by the project. All of the standard processes in the
organization are managed through statistical process control methods with key process
performance measures and performance models based on baseline data having been
established.
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Figure 32: Organization Process Model profile of an organization at CMMI Maturity Level 4
Maturity Level 5:
Maturity Level 5 organizations have achieved a continuous improvement loop whereby
enhancements and innovation help achieve world-class performance. Improvement opportunities
are actively sought by performing causal analysis of all defects. All critical defects discovered
during the component or product validation and customer pilot stages of the product lifecycle are
analyzed to assess whether they were introduced due to process or product deficiencies (Figure
33). Similarly, root cause analysis is performed on product defects once it is released so remedial
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action can be taken to address them through introduction of new enhancements. The
organization develops a capability to conduct such causal analysis for various process and
project scenarios to effectively resolve defects and introduce improvements. Improvements to
processes and products are selected for implementation and deployed through a structured
organizational methodology such as the Six Sigma DMAIC approach.
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Figure 33: Organization Process Model profile of an organization at CMMI Maturity Level 5
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It is also possible to implement the integrated CMMI-Six Sigma framework through a
more flexible approach where the most relevant practices are implemented and institutionalized
first, followed by the rest in order of their alignment with the business priorities of the organization.
The dependencies and relationships between the elements of the organization process model
have already been described earlier. This information serves to provide guidance on the implicit
order behind the implementation of these practices in order to be effective. For instance, it
obviously does not make sense for an organization to attempt to implement Quantitative Project
Management practices when it does not have Project Monitoring and Control capability already
institutionalized. Thus, regardless of the implementation approach, the maturity profile of an
organization implementing the integrated CMMI-Six Sigma framework presented here can be
easily assessed.
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Conclusion
This study attempted to achieve detailed integration between the CMMI-SW framework
and Six Sigma. In doing this, one of the secondary goals was to demonstrate that CMMI
implementation is not as daunting as it is often perceived to be. This is especially true when the
objective is to achieve the performance improvements that generally result from CMMI adoption
but not certification through formal CMMI appraisals. In order to position itself for passing CMMI
appraisals, an organization must have institutionalized certain practices that are often perceived
to be onerous and bureaucratic. The rigor that is observed in CMMI certified organizations often
comes at the expense of flexibility of execution. This can run contrary to the prevailing
organizational culture in many software entities, hence contributing toward their failure to reach
CMMI Maturity Level 3 or beyond. This is supported by data that illustrates that it takes
organizations far longer to get to CMMI Maturity Level 3 than to progress through Maturity Levels
4 and 5 [20]. At higher Maturity Levels, the organization learns to achieve optimized process
performance through SPC techniques and through continuous innovation. From a change
management perspective, it is a better strategy to achieve the basic structure and demonstrable
benefits from CMMI adoption before additional rigor can be applied. Such a strategy is especially
useful for low-maturity organizations that are not used to rigorous standard processes and
practices [52]. Thus, the flexible approach toward CMMI implementation outlined here can be
particularly useful for this purpose. It holds the promise of achieving demonstrable benefits
through adoption and institutionalization of CMMI practices while de-emphasizing other elements
of the CMMI model that are expected purely from a certification perspective.
A simple organization process model was used as the template onto which all CMMI
Process Areas were collapsed to demonstrate how CMMI could be implemented in a software
organization. This is pertinent since a good majority of the CMMI Process Areas and practices
pertain to the product development lifecycle. Consequently, it was shown how CMMI Process
Areas and practices could be implemented within the context of the product lifecycle process. The
other set of CMMI Process Areas is targeted toward project management for managing the
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execution of the product lifecycle process as a project. Lastly, the third major set of CMMI
Process Areas is targeted toward establishing the necessary infrastructure for supporting both
project management and product lifecycle processes. It should be acknowledged that detailed
relationships between the various Process Areas of the CMMI framework have already been
developed elsewhere [1 8]. However, even though that information serves as additional guidance
for someone attempting to implement the CMMI framework, it often does not encourage but
rather overwhelms. When seen through the context of the organization process model presented
here, the simplicity of the CMMI framework at the highest level becomes apparent. This meta-
level understanding of the CMMI framework can serve as the cornerstone of a strategy for
successful implementation.
Six Sigma was positioned as providing the tools and execution methodology for practices
within the different CMMI Process Areas. This served as the means to achieve the detailed
integration between the two frameworks whereby the relevant Six Sigma tools and techniques for
each CMMI Process Area were described within the context of the organization process model.
Guidance was also provided for how the particular Six Sigma tool or technique could best be
applied within the context of the practices within the different Process Areas. As can be expected,
a large number of Six Sigma tools and techniques could be integrated into the product lifecycle
process. Six Sigma has been applied quite successfully for product development in a variety of
disciplines but not to a great extent for software engineering. Individual Six Sigma tools or
techniques have been utilized for software development but an end-to-end approach was
missing. How Six Sigma could be used for software development in an integrated fashion
presented a particular challenge that was addressed by this study.
The early part of the software development process, especially the requirements
definition area, has traditionally been a weakness for many software organizations. This is
illustrated by data that suggests that requirements failures are associated with 80 percent of
software projects that fail to achieve their objectives [53]. Six Sigma can lend greater structure,
rigor and hence predictability of achieving good requirements definition through the application of
VOC techniques. It almost comes as a surprise that the successful and increasing use of VOC
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techniques for product engineering and service process design did not transfer into software
development as well. Effective use of VOC can be instrumental in ensuring that the requirements
for the software product reflect actual customer needs versus assumed customer needs [46].
Customer satisfaction would entail that the software product design be guided by and derived
from requirements that address customer needs. Translating software requirements into design
has often been a subjective process driven by human creativity. While the creative element is an
essential aspect of this process, it can nevertheless benefit from greater structure and
methodology around it. This bridge between the creative and structured process is provided by
means of a QFD developed specifically for software as part of this study. The software
engineering QFD helps cascade customer needs down to design specifications through a four-
step process. This serves to achieve essential bi-directional traceability throughout this process of
translating customer needs to design specifications. The QFD approach presented here is
positioned toward bringing in engineering discipline into software design. While the term "software
engineering"has been popular for a long time, it is also well known that software development
has never quite had the same degree of rigor as other engineering disciplines [52].
The software engineering QFD presented is in the form of a spreadsheet matrix. One has
to concede that for large, complex software products, a spreadsheet matrix can become
decidedly unwieldy, to the point of being unusable. The optimal model for doing this QFD is by
means of a user-interface tool that allows information entry and captures the relationships
between the various entities such as customer needs, product requirements, product features
and design specifications. It is possible that existing QFD software tools that are available in the
market may be able to support this need with some tailoring. Capturing the QFD information for
its software products in the manner suggested above gives immense leverage to a software
organization. With data mining capabilities, high levels of reuse can be enabled across projects
unlike that possible through traditional means of software code or component libraries. For
instance, a project could carry out data mining of the organizational QFD repository to find out if
other projects had similar customer needs as theirs and how were they addressed.
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The organization process model developed here also serves as a blueprint for
implementation of the CMMI framework within the organization. A software organization can
implement CMMI within the context of the organization process model in both staged and
continuous approaches. Regardless of the implementation approach chosen, as particular CMMI
Process Areas and practices within them are institutionalized, the relevant Six Sigma tools and
techniques can also be brought into use. Standard organizational processes developed on the
basis of the framework presented can incorporate CMMI practices as well as the relevant Six
Sigma tools and techniques. The standard processes are defined by taking into account business
needs of the organization and factors such as its structure, size, culture and the particular
business domain [54]. Until the standard organizational process for a given area has been
institutionalized, Six Sigma process management techniques cannot be brought into operation. In
fact Six Sigma can help accelerate the progression toward achieving CMMI Maturity Level 3
when current ad-hoc practices are improved to develop a standard process by means of the
DMAIC methodology. Process management through Six Sigma techniques like SPC can be
successfully applied for software development as well. Guidance on how SPC can be utilized for
controlling various key product lifecycle sub-processes, in particular characterization of what
measures to use for SPC, was developed in this study. Process management entails not just
measurement but also analysis to determine root cause of defects or special-cause trends. This
is another area where Six Sigma tools such as Pareto Analysis and Fishbone Diagram can be
gainfully employed. Often, such analysis starting from these Six Sigma tools is an entry point into
more detailed statistical analysis. In this way, Six Sigma also provides a context for use of the
appropriate statistical analysis tools and techniques to solve business problems.
The essential lesson of process management, i.e., making sure process performance is
continuously measured to assess its effectiveness for customer needs satisfaction, can also be
applied for products. Six Sigma introduces the notion of setting performance measures for how a
product will be evaluated for its ability to meet customer needs. These performance measures
help assess the quality of the product from a customer perspective through its design and
development stages, before it is released to the customer. Similarly, key performance measures
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can be established before the product is released to assess its ongoing ability to meet key
customer needs. These performance measures may be the same as or be derived from the set
developed at the outset of the product development lifecycle as CTQ requirements in the QFD.
Extending the process management concept, product management then entails developing key
measures for assessing ongoing product quality and taking remedial action to inject
improvements when sub-par performance is observed. The Six Sigma Control Plan was
introduced into the software lifecycle process as a means to achieve this objective for ongoing
product management of software once it is released. This concept of product management
becomes especially relevant when one thinks of software product as providing a service, so in
essence it equates to service management. Information Technology (IT) organizations,
Application Service Providers (ASP) and others providing similar software services can benefit
from developing a Control Plan for managing their offerings. A tool like Control Plan goes hand in
hand with SPC techniques like control charts for key performance measures. Six Sigma tools for
causal analysis along with DMAIC methodology for bringing new improvements close the
continuous improvement loop.
Six Sigma tools and techniques have been deployed quite extensively for developing,
analyzing and improving processes. A lot of the same tools are also quite relevant for the product
lifecycle process. The focus of this study has been on describing the use of appropriate Six
Sigma tools and techniques within the context of the CMMI framework for a software
development organization. Consequently, the usage of the Six Sigma tools and techniques
mentioned here has been specifically tailored for software products. It should also be noted that
generally an organization developing software products for external customers has been
assumed implicitly. However, the entire framework developed here is equally relevant and valid
for an IT organization as well. The key difference is that in an IT context, the 'customers' are
generally internal business users and the software system often has interfaces and dependencies
on other business systems. Since the IT organization is usually responsible for the entire user
experience in using the system, it translates to providing the software as a service to users. As
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has been pointed out already, this scenario in particular can gain immensely from the ongoing
product management approach by means of a Control Plan.
In conclusion, this study has attempted to achieve detailed integration between CMMI-
SW and Six Sigma within the context of a simple organization process model. It is hoped that this
will serve as a blueprint for an implementation of CMMI that makes use of relevant Six Sigma
tools and techniques. Such a hybrid CMMI and Six Sigma framework provides not just greater
guidance and rigor in certain areas than CMMI alone but also an inherent flexibility by making an
extensive toolset available for use in a wide variety of scenarios. This integrated framework
demonstrates that CMMI and Six Sigma are highly complementary and are capable of adding
greater value when used in conjunction with each other. This is partly because together they
address the weaknesses that may become apparent when either framework is used alone.
Whereas Six Sigma answers the 'how' for areas where CMMI only provides the 'what', CMMI
provides the overall vision and roadmap that is lacking from individual Six Sigma improvements. If
organizations interested in utilizing this framework can be found, further work may entail
gathering data to evaluate the effectiveness of this framework as compared to benefits derived by
organizations using just CMMI or Six Sigma by itself.
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| Appendix
A. CMMI Process Area definition categorized by Maturity Level
Maturity Level 2: Repeatable
a Requirements Management - The purpose of Requirements Management is to manage
the requirements of the project's products and product components and to identify
inconsistencies between those requirements and the project's plans and work products.
? Project Planning - The purpose of Project Planning is to establish and maintain plans
that define project activities.
Q Project Monitoring and Control - The purpose of Project Monitoring and Control is to
provide an understanding of the project's progress so that appropriate corrective actions
can be taken when the project's performance deviates significantly from the plan.
? Supplier Agreement Management - The purpose of Supplier Agreement Management
is to manage the acquisition of products from suppliers for which there exists a formal
agreement.
a Measurement and Analysis - The purpose of Measurement and Analysis is to develop
and sustain a measurement capability that is used to support management information
needs.
a Process and Product Quality Assurance - The purpose of Process and Product
Quality Assurance is to provide staff and management with objective insight into
processes and associated work products.
a Configuration Management - The purpose of Configuration Management is to establish
and maintain the integrity of work products using configuration identification, configuration
control, configuration status accounting, and configuration audits.
Maturity Level 3: Defined
a Requirements Development - The purpose of Requirements Development is to produce
and analyze customer, product, and product-component requirements.
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? Technical Solution - The purpose of Technical Solution is to design, develop, and
implement solutions to requirements. Solutions, designs, and implementations
encompass products, product components, and product-related life-cycle processes
either singly or in combinations as appropriate.
a Product Integration - The purpose of Product Integration is to assemble the product
from the product components, ensure that the product, as integrated, functions properly,
and deliver the product.
? Verification - The purpose of Verification is to ensure that selected work products meet
their specified requirements.
a Validation - The purpose of Validation is to demonstrate that a product or product
component fulfills its intended use when placed in its intended environment.
? Organizational Process Focus - The purpose of Organizational Process Focus is to
plan and implement organizational process improvement based on a thorough
understanding of the current strengths and weaknesses of the organization's processes
and process assets.
? Organizational Process Definition - The purpose of Organizational Process Definition
is to establish and maintain a usable set of organizational process assets.
? Organizational Training - The purpose of Organizational Training is to develop the skills
and knowledge of people so they can perform their roles effectively and efficiently.
a Integrated Project Management - The purpose of Integrated Project Management is to
establish and manage the project and the involvement of the relevant stakeholders
according to an integrated and defined process that is tailored from the organization's set
of standard processes.
? Risk Management - The purpose of Risk Management is to identify potential problems
before they occur, so that risk-handling activities may be planned and invoked as needed
across the life of the product or project to mitigate adverse impacts on achieving
objectives.
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? Decision Analysis and Resolution - The purpose of Decision Analysis and Resolution
is to analyze possible decisions using a formal evaluation process that evaluates
identified alternatives against established criteria.
Maturity Level 4: Quantitatively Managed
? Organizational Process Performance - The purpose of Organizational Process
Performance is to establish and maintain a quantitative understanding of the performance
of the organization's set of standard processes in support of quality and process-
performance objectives, and to provide the process performance data, baselines, and
models to quantitatively manage the organization's projects.
? Quantitative Project Management - The purpose of the Quantitative Project
Management Process Area is to quantitatively manage the project's defined process to
achieve the project's established quality and process-performance objectives.
Maturity Level 5: Optimizing
a Organizational Innovation and Deployment - The purpose of Organizational Innovation
and Deployment is to select and deploy incremental and innovative improvements that
measurably improve the organization's processes and technologies. The improvements
support the organization's quality and process-performance objectives as derived from
the organization's business objectives.
a Causal Analysis and Resolution - The purpose of Causal Analysis and Resolution is to
identify causes of defects and other problems and take action to prevent them from
occurring in the future.
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B. CMMI acronyms and references
Standard acronyms are utilized throughout this study for CMMI Process Areas as follows:
CMMI
Maturity Level Process Area Acronym
2
Requirements Management REQM
Project Planning PP
Project Monitoring and Control PMC
Supplier Agreement Management SAM
Measurement and Analysis MA
Process and Product Quality Assurance PPQA
Configuration Management CM
3
Requirements Development RD
Technical Solution TS
Product Integration PI
Verification VER
Validation VAL
Organizational Process Focus OPF
Organizational Process Definition OPD
Organizational Training OT
Integrated Project Management IPM
Risk Management RSKM
Decision Analysis and Resolution DAR
4
Organizational Process Performance OPP
Quantitative Project Management QPM
5
Organizational Innovation and Deployment OID
Causal Analysis and Resolution CAR
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